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Nanostructured Platforms for Biological Study
Junqiang Hu
This thesis focuses on the study of nanotechnology and its applications in immunology and mechanosens-
ing using micro- and nano-scale topographies, such as gratings, grids, and pillar substrates. In the
past five years, we have developed three types of platforms and explored the influence of nano-
patterned substrates on cell morphology, proliferation, protein secretion, and mechanosensing.
I will introduce the three generations of Integrated Mechanobiology Platform (IMP) for T cell
study, including the fabrication process of each generation of IMP, their advantages and disad-
vantages, and the comparison with existing High Throughput Screening System (HTSS). For the
applications of IMP, I will focus on grating and grid topographies with IMP generation 3 for-
mat, and study how these nano-patterned substrates affect T cell morphology, expansion, cytokine
secretion, drug-topography combination effects on T cells and long-term expansion for adoptive
immunotherapy. I will demonstrate how IMP enables such studies in a high throughput manner.
I also will discuss how Multiple Stiffness Pillar Platform (MSPP) facilitates the study of
mechanosensing in cells spanning across different rigidities. First, I will talk about how MSPP
is different from existing dual stiffness platforms. Differences include flexibility in distribution of
different rigidities, consistency in pillar dimensions and ease of controlling the stiffness fold increase.
In the sections of MSPP fabrication and characterization, I will focus on measurements of stiff-
ness change and surface chemistry uniformity. I will then discuss the Mouse Embryonic Fibroblast
(MEF) mechanosensing study on dual stiffness pillar substrates, including the preferential localiza-
tion of rigidity sensing associated proteins (myosin IIA, phosph myosin, paxillin, and p130CAS),
MEFs actomyosin network building, and adhesion formation. These studies revealed previously
undiscovered results in MEF mechanosensing, and demonstrate the great potential of MSPP in
this research discipline.
In the last part of this thesis, I will present on the mass production of thermoplastic nano-
patterned molds. The demonstrated technology can produce large batches of nanostructured molds
with decreased fabrication time and expense. In this chapter, I will discuss the necessity of devel-
oping such a technology and platform, as well as the design, fabrication, and characterization of
the thermoplastic nano-patterned molds.
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Chapter 1
Background and motivation
1.1 Introduction to nanotechnology and its applications
In Dr. Richard Feynman’s talk (There’s Plenty of Room at the Bottom) in 1959, he envisioned and
described the bright future and the enormous applications of nanotechnology. Manipulating and
controlling things on a small scale will open up a new view on many subjects: a better biological
system, smaller computer, improved lubrication methods and atomic level matter manipulation.
Looking back, we are pleased to see that Dr. Feynman’s predictions already came along or will
come true in only five decades.
I am lucky to be a witness of miniaturizing the computer. During the past 20 years, I saw the
computer size shrinks from standard PC size to a watch size. The screen is as thin as 0.2 cm. We
can have smart phones operate and calculate 10 million times faster than ENIAC in 1946. We must
credit nanotechnology, it promotes the miniaturization of transistors, which leads to a more dense
integrated circuit. People are saying that Moore’s law is losing its magical envision and Intel con-
firmed in 2015 that the pace of advancement has slowed down, but I won’t say nanotechnology has
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Table 1.1: A partial Nanomedicine technologies taxonomy. [1]
lost its magics to promote the world in other aspects. Enabled by semiconductor device fabrication
technologies, people can make MicroElectroMechanical Systems (MEMS) and NanoElectroMechan-
ical Systems (NEMS). They are types of devices integrating electrical and mechanical functions on
the micro- or nano-scale. Due to the small dimension of these devices, they have a wide range
of advantages such as low mass, high mechanical resonance frequency, large quantum mechanical
effects and high surface-to-volume ratio. These characteristics make themselves suitable to form
physical, biological and chemical sensors. One of the major application of MEMS and NMES is
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Figure 1.1: The complex structure of the tumour microenvironment. a. Targeted nanomedicines
or their drug cargo can bind, specifically or non-specifically, to components of both tumour classes
including cells and matrix molecules; b. The properties of the microenvironment change with
increasing depth away from functional blood vessels. Oxygen levels decrease with depth, and this
problem is exacerbated by low perfusion, resulting in hypoxia. [2]
the atomic force microscope (AFM) tips, a higher efficiency to detect stresses, vibrations, forces
at the atomic level. This starts from nanotechnology and circles back providing us another way to
observe the nanoscale world.
Nanomedicine is the combination of nanotechnology, biology and medicine. And this is a perfect
example of how nanotechnology changes the landscape of biological and pharmaceutical study.
Nanomedicine has branched out in many directions, bringing the ability to structure materials and
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devices, which can benefit the practice of medicine immediately. Table. 1.1 gives an overview of
this area, and the study of many biological questions such as cancers, diabetes and other immune
disorder disease, can be solved or benefit from nanostructured materials, surfaces and devices. [1]
Fig. 1.1 shows how banomedicine can penetrate the thick cancer binding-site barrier and release
specific or non-specific drugs deep in tumors. [2]
Nanotechnology can be engineered into different forms such as dendrimer, spherical flullerene,
cylindrical fullerene, virus-like particle and so on, Fig. 1.2. Different form could have different
bioactivity, for example, dentrimer-like nanoparticle can have partitions like small molecules and
filter through the kidney.
Figure 1.2: Examples of nanotechnologies applied to immunoregulation. Nanotechnologies that can
be applied to immunoregulation include nanoparticles (parts a-c), nanoemulsions (parts d-f) and
virus-like particles (parts g-h). [3]
Among all the applications of nanotechnology, there are two emerging directions starting brining
nanotechnology into their research arsenal collections: immunology and mechanobiology. In the
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following chapter and the rest of my thesis, I will mainly talk about how nanotechnology embedded
in the research of them.
1.2 Introduction to nanotechnology for Immunology
Figure 1.3: Mechanisms by which nanoparticles alter the induction of immune responses. A. The
immunostimulatory activity of nanoscale materials has been attributed to diverse mechanisms: the
delivery of antigens and access to the lymphatics; B. A depot effect, which promotes the gradual
release of vaccine antigens; C. Repetitive antigen display in which the spatial organization of the
antigens facilitates B cell receptor (BCR) triggering and activation; D. Cross-presentation caused
by the nanoparticlemediated leakage of antigens into the cytosol. [3]
Nanotechnology can be used to engineer nanoparticles to alter the induction of immune re-
sponses. Immune responses is activated through delivery of antigens to the direct immune response
executor, T cells and B cells. There are multiple ways to pass the antigen to the immune cells,
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through dendritic cellmacrophage or certain B cell. Several parameters need to be considered when
we apply nanotechnology for immune responses, such as the accessibility to the lymphatics, the per-
sistency to deliver the antigen to immune system and ability to activate specific immune responses
for certain disease. Nanotechnology has obvious advantages in terms of the mentioned require-
ments, Fig. 1.3. The particle size dependent tissue penetration can increase the accessibility to the
lymphatics, a depot effect can enhance the stability of antigen release. Cells and other biological
Table 1.2: Biological scale of immunological relevant materials. [3]
molecules including proteins, antigens and sarcomeres are of nanometers scale, Table. 1.2. Different
size, shape, stiffness and surface properties/chemistry of particles can have short-term and long-
term effect on immune responses. Nanotechnology can be used to engineer these properties and
CHAPTER 1. BACKGROUND AND MOTIVATION 8
have a profound influence on immunology. Immunology is a branch study of biomedical science;
focusing on immune systems and related immune disorder diseases such as autoimmune diseases,
immune deficiency and transplant rejection. Immunology has applications in fields such as organ
transplanting, oncology, dermatology, vaccination and so on. The study to apply nanotechnology
thus will have profound influence on these subjects and could potentially improve human health
and enrich the ways to treat multiple diseases.
1.2.1 Immune responses
Figure 1.4: An infection and the response to it can be divided into a series of stages. The infectious
agent must first adhere to the epithelial cells and then cross the epithelium. A local immune
response may prevent the infection from becoming established. If not, it helps to contain the
infection and also delivers the infectious agent, carried in lymph and inside dendritic cells, to
local lymph nodes. This initiates the adaptive immune response and eventual clearance of the
infection. [4]
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Immune responses can be categorized into two strategies: innate immune response and adaptive
immune response. [4]
Innate immune response is a nonspecific immediate response, the immune system responds to
pathogens in a way without long-lasting or protective immunity to the host. Pathegons, which
does not belong to human body, express surface proteins can be recognized by leukucytes, such as
macrophage and dendritic cells. Plasmins and kinins will initiate the complement cascade, which
will either coat the pathogens a layer of pathogen assoaiate molecular pattern to help leukocytes
easily find and eliminate more of these pathogens or directly destroy the pathogens. Through the
process known as antigen presentation, innate immune system can activate the adaptive immune
responses, Fig. 1.4.
Adaptive immune response is a specific immune response, eliminating pathogens through highly
specialized processes. The response is initiated by antigen presenting cells (APC) from innate im-
mune response. The process is weeks long consisting of multiple steps: immunological recognition,
immune effector functions, immune regulation and immunological memory, Fig. 1.5. In the four
steps, several major cell types get involved, including Helper T cell, Cytotoxic T cell, Regulatory
T cell, Memory T cell and B cell. Helper T cell mainly interacts with MHC and peptide from
APC, and the activation of helper T cell will further activate cytotoxic T cell and B cell. Cyto-
toxic T-cell will directly interact with infected cells and kill them, and B cell will either become
antibody-producing factory to help macrophages eliminate pathogens more efficiently, or become
memory B cells. So we can see the innate immune responses and the adaptive immune responses
form a close-loop feedback process. Each response will improve the performance of the other.
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Figure 1.5: Adaptive immune responses consist of distinct phases. the Tirst three being the recogni-
tion of antigen, the activation of lymphocytes, and the elimination of antigen (the effector phase).
The response contracts (declines) as antigen-stimulated lymphocytes die by apoptosis, restoring
homeostasis, and the antigen-specific cells that survive are responsible for memory. The duration
of each phase may vary in different immune responses. The y-axis represents an arbitrary measure
of the magnitude of the response. [5]
1.2.2 Immunotherapy
The main job for immune system is to recognize things do not belong to human body and different
lymphocytes work organically together and eliminate them. Human body is having “cancer cells”
constantly, however, the immune system can recognize the sign of danger and initiate the immune
responses. But for people with a suppressed immune system, immune cells won’t be able to find
any recognizable proteins on the cancer cell, resulting no immune responses.
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Figure 1.6: Three ways to genetically engineer T cells to confer specificity for tumor-associated
antigens. A. T cells can be identified and cloned from patients with particularly good antitumor
responses; B. Chimeric antigen receptors (CARs) can be generated through sequences encoding
the variable regions; C. TCRs can also be isolated from humanized mice that have been primed to
recognize tumor antigens. [6]
Immunotherapy is a kind of therapy designed to activate and boost the body’s natural defense
to treat cancer. The immune system is awaken in vitro , using materials synthetized by human
body and in the lab to restore immune system function specifically for certain cancer. In the process
of waking up cancer patients immune system, nanotechnology is widely applied in multiple ways:
CAR generation, APC activation, lymphocytes activation and so on. In each fundamental ways of
immunotherapy, there are even more methods conducted to achieve any one of them. For example,
the T-cell activation in vitro, there are at least three ways to reach it, Fig. 1.6. [6]
In 2011, Dr. Ralf M. Steinman from Rockefeller University won the Nobel Prize in Physiology
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or Medicine for his extraordinary research in identifying Dendritic Cells. He was diagnosed of
pancreatic cancer in 2007. Working in immunology for his career and his devotion in his research
make him decide to perform another experiment on himself. His cancer tissue was divided into
three experiments: first is the cancer tissue used for irradiation and fitted with genes to wake up
the dendritic cell innate response for it; second and third experiment were to isolate the dendritic
cells from blood and imbedded the cancer RNA or peptides so that the reinfusion of the DCs will
activate the adaptive immune response specifically for the cancer. These immunotherapy plus the
chemotherapy elongated Dr. Steinman’s life by another four years, however, this type of cancer
can only allow patent live about one year. Dr. Steinman is the first person won the Nobel Prize
posthumously, and his practice of his own research on himself made his life even more legendary.
1.3 Introduction to nanotechnology in mechanosensing
Figure 1.7: Molecular connectivity from the ECM to the nucleus. [7]
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Mechanical loads/forces can have profound influence on cell shape, size, function, proliferation
and differentiation. Lots of research haven been conducted on force-sensitive cells such as fibroblast,
chondrocytes, osteoblasts, endothelial cells, and smooth muscle cells. These effects start from the
interface between the cell and extra cellular matrix (ECM), cell will sense the external mechanical
inputs and a series of molecular signals will transduce the effects from cytoskeleton to nucleus. [7]
Cell phenotype change will result in different function of living tissues. And finally contribute
to different organ development, diseases and physiology. The study of mechanobiology focuses
on understanding mechanotransduction of cell during exposure to different mechanical signals.
Mechanotransduction is a branch study of mechanobiology to study the molecular mechanism by
which cells sense and respond to mechanical signals.
Figure 1.8: Nanofabricated substrates for mimicking the nanotopology of the ECM. A. Sheets of
fibroblasts suspended between silica fibers of approximately 30 µm diameter; [8] B. Nanotopology
of corneal epithelial basement membrane of a Macaque monkey shown by SEM (Bar: 1 µm); [9] C.
Nanofiber meshing, produced with chemical vapor deposition and shown by SEM, closely resembles
the in vivo structure of the ECM (Bar: 5 µm); [10] D. SEM micrograph shows microgrooves formed
by reactive ion etching that are used for cell alignment and migration guidance; E. Lamellipodia
and filopodia adhered to the floor of the grooves. [11]
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The mechanotransduction starts from the cell/ECM binding sites to nucleus, Fig. 1.7. Many
proteins from multiple signaling pathways get involved, such as integrins, actin, myosin and so
on. The study of mechanobiology or mechanotransduction is basically to find out, given a certain
mechanical input to the cell, what specific proteins recruited at what time point in what speed and
what’s the role for that protein. The modeling of these behaviors will help us learn how a cell sense
and transduce a mechanical signal, resulting in different cell fate and ultimately in different health
conditions.
Figure 1.9: Micro- and nanoscale tools for the measurement of cellular forces. A. Silicon rubber
membrane wrinkles due to the traction forces from a fibroblast (Bar: 50 µm); [12] B. Traction
force microscopy reports the traction forces from a migrating fibroblast; [13] C. Regular array of
micropatterned fluorescent dots distorts underneath a contracting fibroblast; [14] D. Bending of
horizontal microcantilever locally reports the traction force during fibroblast migration; [15] E.
Array of vertical elastomeric microcantilevers bend and report the localized contractile forces of
smooth muscle cell (Bar: 10 µm). [16]
Cell will encounter different physical environment in human body, and the topology of these
may varies, some of them are relative smooth or rough. The mechanical properties may also be
different, stiff or soft. The study of mechanobiology requires us to mimic or control the physical and
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mechanical properties for cell growing. By far, there are various nano-topologies utilized to study
mechanobiology, such as nano fibers, micro- or nano-grooves, gratings, grids and pillars, Fig. 1.8.
These substrate is more used in cellular level analysis such as cell morphology, differentiation, and
proliferation.
In order to accurately quantify how much the force a cell exerts to its external environment,
other nano-topographies are utilized to measure cellular force, Fig. 1.9. By measuring how much a
silicon rubber wrinkels due to the traction of a cell, we can calculate how much the force is applied,
Fig. 1.9A. Also, traction force microscope(Fig. 1.9B), micropatterned fluorescent dots (Fig. 1.9C),










(IMP) for T cell study
This project was carried out in collaboration with Dr. Alexander Gondarenko, who is a post-doc
researcher in Prof. Hone’s group. In this project, Dr. Gondarenko was in charge of the design,
fabrication, characterization and antigen coating design of the three generations of IMP. I was
responsible for conducting biological experiments, imaging and data analysis. Dr. Gondarenko
and I both contributed to the data interpretation. For the long-term culture, Prof. Lance Kam
provided guidance and the experiments were performed by Alex P. Dang from Prof. Kam’s group.
As we know, cells will actively interact with their physical surroundings, and more research
has been carried out to prove that these physical interactions will have major effect on cell shape,
expansion, proliferation, differentiation, and motility. [9,17–20] Researchers have come up multiple
topographies that can include 3D structures such as gels [21] and fibrous scaffolds, [22, 23] and
2D surface such as gratings/grooves, grids, pillars, and dots on the micro- and nanometer scale.
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Gratings can influence the shape and motility of attached cells [24] and it also been used to study
the differentiation and proliferation of human mesenchymal stem cells (hMSCs). [25] Alternatively,
limiting the adhesion area on flat substrates by microprinting proteins on flat substrates can shape
the 2D geometry of attached cells. [26] Nano-scale cues can arise from clustering of integrins and
other adhesion molecules to features in the extracellular matrix (ECM). [27–29] Artificial ECMs
to control integrin clustering have used fibrous materials, rough surfaces, micro topographies of
adhesive islands and other parameters. [22, 23, 26, 30, 31] Lymphocytes have surface features such
as microvilli and ruffles that have nano-scale dimensions and may interface with nanofabricated
features such as a surface trenches presented in a grating or grid pattern.
2.1 Overview of high throughput screening systems
The complexity of cellular interactions with nano-topography has motivated development of high-
throughput platforms in which many such patterns can be studied at once. Here I will introduce
two previous platforms, TopoChip system [32] and multi-architecture chip (MARC) [33].
TopoChip system has a library of 2176 distinct and randomly designed surfaces, Fig. 2.1. It
was on a 2 cm x 2 cm chip, and each pattern unit is the size of 290 µm x 290 µm. There are
three types of topographical shapes on this system: cicles, isosceles triangles, and thin rectangles.
And the substrate is made from poly(DL-lactic acid) (PLA). There is a heights of 5 µm and 20
µm walls between adjacent pattern units to prevent cells migrate to other areas during cell culture.
TopoChip system has been used to identify unique topographies able to affect human mesenchymal
stromal cells proliferation and osteogenic differentiation.
The MARC system is a customizable platform, and lots of topographies can be fabricated on this
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Figure 2.1: TopoChip fabrication and characterization. A & B. SEM images of sections of
TopoChips, displaying accurate feature replication on the Topo-Chip (Scale bar: 50 µm); C. The
TopoChip carrier, lid, and chip assembly. This chip carrier can even be used as a micro-bioreactor
for perfusion culture of cells, or with a second set of attachment (not shown) for static cell culture;
D & E. Light microscopic images of cells seeded using the chip carrier displaying homogeneity of
cell distribution within and between TopoUnits. [32]
2.2 cm x 2.2 cm chip, Fig. 2.2. The patterns were first fabricated by nano-imprinting lithography
on PDMS and then patterns made from PDMS assembled onto a single chip. Grating and pillar
geometries with different dimensions have been used for directing the differentiation of primary
murine neural progenitor cells.
When we talk about a high-throughput system, how many patterns we fabricated is not the only
factor that matters. Experiment set-up, liquid preparation, compatibility to all the equipment, all
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Figure 2.2: Schematic diagram of the fabrication of the multi-architectural chip (MARC) and the
soft-lithography replication with polydimethyl siloxane (PDMS) using MARC as template. [33]
these parameters could be the bottleneck for us to have a real high-throughput system.
Most importantly, when we study the mechanobiology of T cell, signaling through the culturing
environment will be vital for T cell behaviors and cell fate since factors that affect T cell behavior are
not limited to its physical interactions with the nano-patterns. The isolated culturing environment
makes it possible to study the IL-2 secretion by T cell on different topography in a high-throughput
manner.
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2.2 IMP system
Here I am proposing to implement nano-topographic substrate with standard well plate. The
advantages of these standard well plate are that they are compatible with all the existing liquid
handling equipment, plate readers, and flow cytometry. The challenge is how can we implement
nano-patterned substrate with these standard well plates. The generic way of doing that is we cut
nano-patterned substrate and attach it to the bottom of well plates. However, this method is only
plausible if we use well plate with fewer wells, such as 6 well plate. It will be tremendous work if
96 or higher number well plates are in use. We now can purchase standard bottomless well plate,
Fig. 2.3. And the question now is how we bond the nano-patterned substrate with these bottomless
plates.
Figure 2.3: 96- and 384-well plates.
Here we demonstrate an Integrated Mechanobiology Platform (IMP) that, like these systems,
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allows the study of cell growth and proliferation on multiple nano-topographies. The IMP consists of
a standard, high-throghput well plate frame bonded with bottoms made from polydimethylsiloxane
(PDMS) that present different surfaces in each compartment, Fig. 2.4. Integration into the well-
plate format is the key distinction of the IMP, and provides three important advantages over the
prior art. First, isolation of each pattern into a separate well allows testing of behaviors that can
be affected by cross-contamination of soluble factors, such as cell proliferation and differentiation.
Second, the well plate format allows for implementation of new assays, such as flow cytometry
and ELISA, that require cell populations and supernatant that are separated into distinct wells.
Third, this format allows for robotic liquid handling and high-throughput screening using the broad
technology base developed around multi-well plates. As a final added advantage, the PDMS can
be cast to the thickness of standard cover slips to allow high-resolution microscopy.
2.3 Fabrication of cell growing substrate
This is a demonstration of fabrication of the mold to have copies of nano-patterned substrate,
Fig. 2.5. Photoresist such as SU8 (2000-5) was first spin coated on 4-inch silicon wafer at 3500
rpm, 1500 acl for 1 minute. The wafer was pre-exposure baked at 95 ◦C on hot plate for 4 minutes.
Designed patterns were written using electron bean lithography. After the Ebeam exposure, the
wafer was put on hot plate for post-exposure baking at 75 ◦C for 90 seconds (time critical). Then
the resist was developed in SU8 developer solution for 1 minute. After washing with IPA, the wafer
was put in oven at 100 ◦C to harden the SU8. Patterned silicon wafer was casted with PDMS
(10:1), and outgassed for >10mins. Then the wafer was put in the oven to cure the PDMS at 65
◦C for overnight.
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Figure 2.4: Schematic diagram of IMP. Ideally we want to combine nanosturctued substrates with
standard well plat, which has compatibility with liquid handling equipment, high-resolution imaging
and other well-plate based equipment. We can have a variety of topography geometries on one
dimension of the well plate and have different surface functionalization on the other dimension.
After demolding the PDMS from the silicon wafer, we can have a sheet of PDMS with nano-
patterns on the surface. Now we need to figure out how to integrate the PDMS substrate with the
bottomless 96 well plate, Fig. 2.6.
2.4 IMP system implementation
By far we have come up with three generations of the IMP systems. Each of them have their own
advantages and disadvantages. Now I will discuss in details on how to implement them, and pros
and cons of each generation.
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Figure 2.5: Schematic diagram of fabrication of PDMS nanostructured substrate. Silicon wafer is
first deposited with photoresist, which will be exposed with nanopatterns according to the design.
After developing of the resist and hardening of the rest of the resist, we used this as the original
mold to make PDMS copy of the nanostructures.
2.4.1 Generation 1
Generation 1 is the easiest one to implement. Once we have the PDMS substrate, we cut them to
the size of 24 well plate (a quarter of 96 well plate), then use two plates to form a “sandwich” like
structure with the PDMS sheet in the middle. The system is tightened by four sets of screws and
nuts, Fig. 2.7. Once we have the PDMS substrate, it takes about 5-10 minutes to assemble such
a platform. However, the PDMS substrate cannot occupy more than three rows on the well plate
since the tightening method won’t allow uniform bonding between the plate and the substrate,
resulting in leaking wells.
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Figure 2.6: SEM image of PDMS nanostructures; PDMS substrate and standard bottomless 96
well plate.
Advantages: easy to implement.
Disadvantages: device dimension is not standard, won’t allow compatibility of plate based
equipment; 96 well plate capability is not fully utilized; relatively more leaking events.
2.4.2 Generation 2
Every part of generation 2 IMP is fabricated through injection molding. First, bottomless well plate
is produced through polystyrene injection molding. Then nano-patterned polystyrene substrate is
fabricated by nano-imprinting or electroplating and injection molding. The two parts are bonded
through ultrasonic welding.
To have the a quarter bottomless well plate injection molded, we need to machine a tool for
the injection molder with the shape of this part. Melted thermoplastic will be shot into this tool
and cooled down through the plasticizing process. To have the injection molded nano-patterned
substrate, the process is relative complicated. By using semiconductor fabrication technologies, we
can have nano-patterned quartz stamp. Then the stamp will be used as the dye for patterning on
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Figure 2.7: IMP-Generation 1. It requires two bottomless 96 well plates, 1 sheet of nanostructured
PDMS substrate and four sets of screws and nuts to assemble Generation 1 of IMP. The nanos-
tructed substrate was put between the two bottomless well plate to form a “sandwich” format,
which is tightened by four sets of screws and nuts.
cirlex, which will be used as the dye for injection molding, Fig. 2.8. The reason we chose cirlex as
the material as the dye for injection molding is that it can withstand the high temperature and
pressure during the process.
Once the cirlex inlay was made, we can put it in the injection molder to produce plastic nano-
patterned substrate in large scale, Fig. 2.9. Thermoplastic granules will be put into the funnel on
the right hand side, and will be heated to fluid state in the barrels. Then the melted plastic shot
to the dye area on the left, where temperature is around 40 ◦C so the plastic will transit back to
solid state. Nano-patterns will be copied on the plastic substrate, and this whole process only takes
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Figure 2.8: Fabrication of inlay for IMP-Generation 2. Cirlex is the material being used as the
dye to injection mold nanostructured substrate through nano-imprinting. Quartz with patterns
was first fabricated through e-beam lithography. A drop of SU8 was placed on top of cirlex and
the quartz was placed on top to imprint the patterns, and the SU8 will be cured at 120 ◦C for 20
minutes. Then the quartz was lift to separate from cirlex substrate.
about 20 seconds.
Ultrasonic welding bonds the bottomless well plate and the patterned substrate. The welding
rim on the plate will be melted under pressure and vibration, Fig. 2.10. This process takes only 2
seconds to finish.
So we can summarize the generation 2 of IMP that it is a mass production method to have
such high throughput system. The average total production time for each quarter plate takes less
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Figure 2.9: Nanostructured substrate production using injection molder. The nano-imprinted inlay
was place in the tool area on the left of Engel Victory 28 injection molder, and thermoplastic
granules will be melted on the right part of injection molder. The melted plastic was shot into the
tool area through the barrel in between, and the low temperature in the tool area will plasticize
the material with molded nanopatterns. The whole process takes about 20 seconds.
than 1 minute. And the repeatability of the method is quite high. However, the substrate is made
of thermoplastic, which has much higher Young’s modulus comparing with PDMS, resulting high
bending stiffness of the patterns. This will limit the applicability of this generation in mechanobi-
ology study. In addition, the substrate thickness is around 1 mm, too thick for high-resolution
imaging. And the nature of bonding will make it really hard to rip it off from the plate for invert
imaging. The reason to fabricate quarter plate is that the shooting volume for injection molding is
limited, Fig. 2.11.
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Figure 2.10: Bonding of 24 well plate with nanostructured substrate using ultrasonic welding.
Injection molded bottomless plate with welding rim and the nano-patterned substrate was bonded
through ultrasonic welding. A vertical pressure and vibration will be applied, which will melt the
welding rim to bond the two pieces together. The welding pressure is 400K Pa and welding time is
300 ms.
Advantages: fast, consistent and cheap.
Disadvantages: rigid substrate with high Young’s modulus, not applicable for high-resolution
imaging; limited plate size.
2.4.3 Generation 3
Generation 3 is the most recent one for IMP system. As we can see in Fig. 2.12, the whole 96
bottomless well plate is bonded with nano-patterned PDMS. As we discussed earlier, Gen3 has a
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Figure 2.11: Pictures of nanopatterned substrate and 24 well plate produced by injection molding.
The nanopatterned substrate and bottomless plate were both produced by injection molder and
bonded together using ultrasonic welding.
variety of advantages. First, isolation of each pattern into a separate well allows us to test the
behaviors that can be affected by cross-contamination of soluble factors, such as cell proliferation
and differentiation. Second, the well plate format allows for implementation of new assays, such as
flow cytometry and ELISA. Third, this generation 3 format allows for robotic liquid handling and
high-throughput screening using the broad technology base developed around multi-well plates. As
a final added advantage, the PDMS can be cast to the thickness of standard cover slips to allow
high-resolution microscopy.
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Figure 2.12: Bonded plate for IMP-Generation 3.
Fig. 2.13 shows the process to fabricate thin PDMS for this IMP system. We use classical
electron-beam lithography and plasma etching to create a silicon mold, Fig. 2.5. PDMS is then
molded from this pattern in a jig that allows for well-controlled thickness. Silicon wafer is 500 µm
thick, and the shims are around 650 µm. So when we place the top plate on and tightened with
screws, we can make sure the PDMS is 150 µm thin, making it possible to have high resolution
images through the substrate. The assembled plates are placed on hot plate at 100 ◦C for 1 hour
to cure the PDMS.
The PDMS is then demolded from the wafer after curing and bonded to a standard bottomless
microplate through oxygen plasma and aminosilane-mediated treatment. [34] 96 bottomless well
plate was oxygen plasma treated for 1 minute and then soaked in 1.5% of APTES solution for 20
minutes. Then the plate was rinsed by DI water and nitrogen dried. Patterned PDMS substrate was
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Figure 2.13: Ultrathin PDMS molding and demolding. E-beam lithography and plasma etching
were used to create a silicon mold. PDMS is then molded from this pattern in a jig that allows
for well-controlled thickness. Silicon wafer is 500 µm thick, and the shims are around 650 µm. So
when we place the top plate on and tightened with screws, we can make sure the PDMS is 150 µm
thin.
plasma treated for 1 minute. Treated plate and PDMS were bonded under pressure for 30 minutes.
Irreversible bonding is formed in the interface of the PDMS and polystyrene (PS) thermoplastic
under pressure. Here, the system is demonstrated on 96 well plates, but has also been tested on 384
well plates and is easily extended to plates with smaller well sizes (up to 9600 wells). The whole
bonding process takes around 1 hour.
Advantages: compatibility to plate based equipment; incorporation of new assays; isolated
micrculturing environment; coverslip thick PDMS for high-resolution imaging
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Disadvantages: relative long preparation time (around 2 hours in total)
By comparing with existing nano-patterned platforms, Table 2.1, IMP system has obvious
advantages in the following aspects: pattern format, allowance for transmission microscopy and
high NA microscopy, form factor, compatibility with automated fluidic handling equipment and
plate scanner.
 IMP TopoChip BSSA  MARC 
Pattern 
format 
Single or multiple 
pattern per well. 
96, 384 well plate. 





169 squares, each 
covers 
3mm×3mm area 




Microscopy yes yes no no 
High NA 
Microscopy yes no no no 
Form Factor Tissue culture 




yes no no no 
Plate scanner 
readout yes no no no 
 
Table 2.1: Comparison of high throughput screening systems.
2.5 T cell activation and analysis methods
As we know, T cells actively interact with its surroundings, however, how different patterns affect
T cell behavior is still unknown. In this section, I will discuss about the major patterns tested in
T cell activation and the identification of the critical patterns and geometries by analyzing T cell
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expansion and IL-2 secretion in short-, mid- and long-term time scale.
2.5.1 Nanostructured patterns
Several nano-topographies have been tested in T cell activation for their effects. They are pillars,
grids, triangular grids and gratings, Fig. 2.14. When analyzing these patterns, we have to consider
about the pattern height, pitch and top area. In hundreds of experiments, I have found out the
grids and gratings have the most significant influence on T cells and the key geometries have also
been identified in terms of T cell morphology, expansion and IL-2 secretion.
A B
C D
Figure 2.14: Nanostructured substrates. A. pillar substrate; B. Triangular pillar substrate; C. Grid
patterns; D. Grating patterns.
Because T cell surfaces are covered with protrusions at steady state that undergo remodeling
during activation, we concentrated on topographies with trenches of variable nanoscale width and
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varying pitch in a simple grating and grid patterns, as shown in Fig. 2.15. The gratings we tested
had a pitch of 3.0-0.3m with 50% duty cycle, and a depth of 800 nm. The grids were composed
of 300 nm deep trenches, 300-65 nm wide, in a square pattern with 750 nm pitch unless specified
otherwise.
Figure 2.15: Schematic diagram of grid and grating patterns. A. 3D perspective of grating geometry;
50% duty cycle and the pitch varies from 500 nm to 3000 nm; B. 3D perspective of grid, grid
geometry is a square lattice of trenches on a 750 nm pitch, trench width is 100-300 nm.
2.5.2 Experiment preparation and setup
In this section, I will briefly introduce about the experiment setup and analyzing processes including:
cell thawing and seeding, antibodies coated substrate, cell culturing and labeling, ELISA and flow
cytometry, long-term expansion, and restimulation.
Cell thawing and seeding. Naive CD4+ and CD8+ cell (isolated using RosetteSep isolation
kits, Stem Cell Technologies) were previously frozen in -80 ◦C freezer with 90% FBS and 10%
DMSO solution. Cells were thawed in 37 ◦C water bath and diluted with 37 ◦C prewarmed 10
ml X-VIVO full media (90% X-VIVO 15, Lonza; 5% Human Serum AB, Gemcell; 1% Glutamax,
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Invitrogen; 2% HEPES, Invitrogen; 1% Sodium Pyruvate, Invitrogen; 1% MEM Vitamin, Invitro-
gen) in 15 ml centrifuge tube, tube was centrifuged at 4 ◦C, 400 rcf for 7 minutes. Supernatant
was aspirated and the cell pellet was resuspended with 1 ml full X-VIVO media. 0.5 µl CFSE
(CellTrace, Invitrogen) was added and stained for flow cytometry analysis. Another 9 ml media
was added before centrifuging process. After aspiration, the pellet was resuspended with 10 ml
media. Cells was split in 6 well plate and rested in incubator at 37 ◦C in a humidified atmosphere
with 5% CO2 for 12 hours before cell seeding. T cells were seeded at the concentration of 0.8-1.0
×106 cells/ml.
Antibodies coated substrate. 200 µl oxidizing solution (DI:HCL:H2O2=5:1:1) was coated
in the wells for 5 minutes. And the wells were washed with DI water for 3 times. Then washed by
95% of ethanol for 2 times. 200 µl of 50% of APTES in ethanol solution was coated in the wells
for 30mins. After aspiration, wells were washed by ethanol for 2 times and followed by DI water
washing for 4 times. 0.5 g dextran (Leuconostoc spp., Sigma) and 1 g sodium periodate (Sigma)
powder were dissolved in 20 ml DI water, (stored at 4 ◦C for overnight before use). 150 µl of this
dextran solution was coated in the wells for 1 hour. Then wells were washed with PBS for 3 times.
200 µl of 5% sodium periodate solution was coated for 2 hrs. Then PBS washing for 3 times. 150
µl Goat anti-Mouse (IGG,10 µg/ml, MP Biomedicals) was coated for 30 mins. Washed with PBS
for 3 times afterwards. 150 µl OKT3 and 9.3 (anti-CD3, anti CD28, 2 µg/ml, obtained from NYU,
Dustin Group) was coated for 30 mins. Washing with PBS for 3 times. Rested cell was taken from
incubator and centrifuge down at 4 ◦C, 400 rcf for 7 mins. Supernatant was aspirated and cell pellet
was resuspended by 5ml fresh pre-warmed media. Cell count was obtained from hemocytometry.
And cell concentration was diluted down to 0.8 ×106 cells/ml. 200 µl cell solution was deposited
in each culturing well.
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Cell culturing and labeling. Cells were fixed with 4% Formaldehyde (F8775, Sigma) for 10
mins and treated with 0.2% of Triton 100X (Sigma) for 4 mins . Stained with Fluorescent Phalloidin
(1:20, Invitrogen) for actin analysis and Hoechst 33342 (1:10,000, Invitrogen) for nucleus analysis.
For flow cytometry, cells were labeled with Human CD4 APC Conjugate (1:10, Invitrogen), Human
CD8 PerCp Conjugate (1:10, Invitrogen) and Propidium Iodine (10 µl per 50,000 cells, Invitrogen)
ELISA and flow cytometry. Supernatants were saved at variable time points from 12 hrs to
3 days. Diluted by a factor of 25 to 100. Plate coating used the standard protocol of Ready-Set-Go!
ELISA (eBiosciense). IL-2 concentration was analyzed by Multiskan FC (Thermo Scientific) with
two readings from 450 nm and 540 nm filters. Flow cytometery analysis was carried out on BD
Biosciences FACSCanto II Flow Cytometer.
Long-term expansion. Following dextran coating, substrates were coated with goat-anti-
mouse IgG (MP Biomedicals, 10 µg/mL, 0.5 h, room temperature) primary capture antibody,
followed by a 1:1 mol:mol ratio of mouse-anti-human CD3 (BioXCell) / mouse-anti-human CD28
(BioXCell) (total 4 µg/mL, 0.5 h, room temperature). CD4+ / CD8+ cells were isolated from
whole blood from healthy patients (Long Island Blood Center) and were seeded at 1 ×106 cells/mL
(200 k cells in 200 µL) (37 ◦C, 5% CO2). Cell proliferation was assessed beginning on day 3 post-
seeding and every other subsequent day. Proliferation index was determined via carboxyfluorescein
succinimidyl ester (CSFE, LifeTechnologies) nuclear staining on day 3 post-seeding with flow cy-
tometry (BD FACSCantoII). Cells were frozen down for restimulation on completion of blasting
phase, determined here as when the average cells volume dropped below 400 fL.
Restimulation. Following thawing, cells were allowed to rest for 12 hours. Cells were subse-
quently restimulated on Dynal beads (Human T cell activator, ThermoFisher Scientific) at a 3:1
ratio of beads:cells for 12 hours. IFNγ staining (Miltenyi Biotec) was performed. Subsequent CD8
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staining (Biolegend) was performed by incubating cells with 5 µg/mL of staining for 20 minutes at
4 ◦C. Cells were fixed (2% PFA, 10 min, 4 ◦C), and readouts were performed via flow cytometry
(BD FACSCantoII)
2.6 T cell expansion and cytokine secretion on grids and gratings
I herein demonstrate the versatility of the IMP by assaying the effects of various nano-scale to-
pographies on the activation and proliferation of human T cells. The adaptive immune response
is initiated by interaction of a T cell with an antigen presenting cell (APC). [35–38] Studies of the
T cell-APC interface have demonstrated that the micro- and nano-scale organization of signaling
complexes between the APC and the T cell modulate initial signaling, including the interdigitated
nanoscale projections and transfer of nanoscale vesicles. [39,40] The development of a controllable
platform for ex vivo activation of T cells is central to immunotherapy for the treatment of variety
of diseases, including cancer and chronic viral infections as well as basic studies of T cell signal
transduction. [41,42] In several adoptive immunotherapy strategies, populations of T cells are iso-
lated from the patient and expanded ex vivo in order to produce clinically effective numbers of
cells and carry out manipulations including introduction of genes needed for targeting; the resul-
tant cellular product is then transfused back into the patient. The expansion process begins with
cellular activation, most commonly with antibodies to the T cell antigen receptor (anti-CD3) and
the costimulatory receptor CD28 (anti-CD28), [43] both attached to a rigid support. Previous
studies have shown that altered substrate rigidity can further enhance T cell expansion in ex vivo
cultures, [44] indicating that mechanical interaction with the substrate can affect the expansion
process.
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Figure 2.16: Time series of T cell aspect ratio on different grating substrates.
T cell responses to antibody-coated substrates progresses in stages. Initially, the T cell binds
and spreads on antibody-coated substrates. [45] After several hours the cells detach while secreting
IL-2 and other cytokines that act as paracrine growth and differentiation factors. [46] The cells
increase in volume and the first round of mitosis occurs within 3 days. They continue to undergo
rapid mitosis for a week or longer depending on the exact culturing conditions. [44] Our platform
enables us to collect and correlate data through all three stages of cell culture. Specifically, we
imaged cell morphology within 1-4 hours of exposure to expansion culture with fluorescent confocal
microscopy (short-term); we also imaged fixed cells at high resolution using scanning electron
microscopy (SEM). We identified early divisions within 3 days using flow cytometry and measured
IL-2 secretion using ELISA (mid-term). [47] Further, we performed flow cytometry over a period
of 2 weeks to measure doublings and initiated by the substrates with varied topography (long-
term). Finally, we repeated some of the experiments with addition of cytoskeleton inhibitors
to analyze effects of topography-drug combinations on cell expansion. Dynabeads immobilized
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with anti-CD3/CD28 antibodies are currently the standard substrates for T cell expansion for
immunotherapy applications. [48] Thus flat surfaces and Dynabeads coated with anti-CD3/CD28
were applied in our experiments as controls to compare with the effects from micro- and nano-scale
topographies.
2.6.1 Short-term culture analysis
Figure 2.17: T cell elongation and spreading angle on gratings. A. T cells spreading on gratings
are narrower, (width, black) and longer, (length, blue) compared to T cells on flat substrates, most
pronounced on the smallest grating pitch (500 nm); B. The horizontal lines are population means.
Cells initially are well aligned with the gratings, however after 4 hours of spreading the grating to
cell alignment is observed to disintegrate.
As discussed earlier, the patterns make the biggest difference are grids and gratings. Within one
hour of attachment to these patterns, the cells spread over the ACS, after which they slowly contract
and mostly detach after 4 hours. Therefore, we fixed and stained the cells for actin after 1,2,3, and
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4 hours of culture, and quantified the shape of more than 1,000 cells by ImageJ. Cells cultured on
gratings spread along the grating direction within the first hour. After initial spreading, the length
and aspect ratios decreased as the cells contracted, Fig. 2.16. The gratings also inhibited spreading
Figure 2.18: T cell spreading area on grid patterns. 100 nm grid trench yields the smallest cell
spreading area, which increases with bigger trench width.
perpendicular to the grating direction, Fig. 2.17. Likewise, the alignment of the cell major axis to
the grating was largest in the first hour and decreased as cells contracted, Fig. 2.17B.
Cells on grids demonstrated reduced spreading area as the trench width decreased, as seen in
Fig. 2.18. Confocal and SEM imaging revealed that the cell spreading is arrested at the narrowest
trenches, Fig. 2.19. Whereas the T cells were able to spread by protruding into the wider trenches,
the leading edge of the cell is apparently not able to protrude into the narrowest trenches, nor to
hop over them.
I hypothesize that the observed differences in interaction of T cells with these nano-patterns
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Figure 2.19: High resolution-imaging of T cell on grids. A-B. High-resolution confocal imaging of
actin in T cells on 100 nm and 300 nm grid geometries; C-E. High-resolution imaging of colorized
Scanning Electron Micrograph (SEM) of T cells on grid geometries.
will have effects on cell signaling and cell fate. For instance, we expect that better spreading
will lead to increased initial TCR engagement, resulting in enhanced phosphorylation and better
activation. Actin polymerization and tyrosine kinase activation drive the protrusion formation
along the gratings. [49] When the cells are fully activated, there will be less activation of actin
polymer, however, the myosin will exert a centripetal contraction force that maintains at certain
level to keep synaptic integrity over time. [50,51] Decreasing protrusion force of actin will make the
contraction behavior by myosin dominant.
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Figure 2.20: Heat map of IL2 secretion on grids for multiple donors. ELISA IL-2 measurements
from a well plate with 96 samples of 4 donors and 4 different topographies tested.
2.6.2 Mid-term culture analysis
We next demonstrate that different spreading patterns on the nano-topographies leads to different
levels of T cell proliferation and activation as indicated by secretion of cytokines such as IL-2
and expansion index. The IMP system enables high-throughput measurement of proliferation by
fluorescence-activated cell sorting (FACS) and IL-2 secretion by ELISA. Both were measured after
2 days. Proliferation is measured based on expansion index, which measures the fold-expansion of
the overall culture. For example, expansion index of 2 means the total cell count is doubled after a
certain period of culturing. IL-2 concentration was analyzed by Multiskan FC (Thermo Scientific)
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plate reader with two readings at 450 nm and 540 nm. An added advantage of the IMP is easy
testing of multiple samples, which allows us to examine the variability due to the use of multiple
donors in human T cell experiments: IL-2 baseline secretion may vary from donor to donor due to
factors such as genetics, age, gender and health.
Figure 2.21: Expansion index and IL2 secreation on gratings. Expansion Index and supernatant
IL-2 from T cells activated on grating geometries.
The heat map of IL-2 secretion in Fig. 2.20 shows IL-2 levels from T cells from 4 different
donors, tested on 4 different grid geometries, with 6 replicates for each combination. IL-2 secretion
on each pattern was normalized to each donor baseline secretion and seen to be consistent across
different donors.
CHAPTER 2. INTEGRATED MECHANOBIOLOGY PLATFORM (IMP) FOR T CELL
STUDY 45
Figure 2.22: Critical grids geometry. IL-2 secretion after 2 days, measured with ELISA, of T-Cells
cultured on grid geometries with: A. fixed grid pitch and variable trench width and fixed area
isolated between trenches and variable trench width; B. fixed trench width, variable trench pitch.
For grid geometries, we tested a wide range of grid geometry parameters to separate the effects
of trench width, trench pitch, and area of the pedestal isolated by the trench, Fig. 2.22. Briefly,
the trench width was found to be the most significant variable modifying secretion of IL-2, with
significant inhibition for 100 nm trench widths. However, even 100 nm trenches spaced significantly
far apart no longer inhibited IL-2 secretion, Fig. 2.22B.
IL-2 secretion levels for 750 nm pitch grids with 100, 200, and 300 nm trenches, as well as flat
substrates, are shown in Fig. 2.23; the 100 nm trenches show a 2-fold decrease in IL-2 secretion
compared to the flat substrate, while 200 nm trenches showed a 30% increase. Cell proliferation,
as measured by the expansion index, is shown for each pattern. For grids with 100 nm trenches,
inhibition of IL-2 secretion also strongly correlated with decreased cell proliferation, but no increase
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Figure 2.23: Expansion and IL2 secreation on grids.
in proliferation is seen for 200 nm trenches.Grating geometries demonstrated similar trends: IL-
2 secretion was higher for longer grating pitches, and for short pitches, there is an obvious IL-2
secretion inhibition, Fig. 2.21.
The IL-2 secretion on the grids geometry also tested on multiple donors. Fig. 2.24 shows that
on 4 different donors, we can see the consistency and correlation across different donors.
These results strongly suggest that physical interaction with different grid patterns directly af-
fects the signaling leading to T cell activation. Because TCR signaling begins with phosphorylation
of the CD3 complex units containing immunoreceptor tyrosine-based activation motifs (ITAMs) by
the Src family tyrosine kinase Lck, [52,53] we imaged Lck microclusters (MCs) on grids after 1 hour
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Figure 2.24: IL2 secretion for multiple donors. Multiple donors(A-D) were tested on the grid
geometry. IL-2 secretion enhancement on 200 nm trench width was observed for Donor A-C, the
IL-2 secretion inhibition on 100 nm trench width was observed for all four different donors.
of activation (Fig. 2.25A). Compared to flat substrates, 300 nm grids show similar MC density, 200
nm grids show an increase, and 100 nm grids show the lowest density.
This is confirmed by statistical analysis of Lck MC size versus the total cell size, Fig. 2.25B.
The trend in MC formation directly follows IL-2 secretion (Fig. 2.23), indicating that the IL-2
secretion variance on grids can be tracked back to early stage cell signaling. It has been shown
that Lck phosphorylation activity is suppressed by the presence of tyrosine phosphatases such as
CD45, which dephosphorylate ITAMs. [54] Thus the exclusion of CD45 will thus favor stronger T
cell activation. We postulate that 100 nm grid pattern interacts with the T cell to create a channel
for the entry of CD45 to the TCR engagement sites, resulting in fewer Lck MCs and suppressed
IL-secretion. However, the details of this process are still unknown and motivate further study.
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Figure 2.25: Lck microcluster formation on grids. A. Actin and Lck microcluster staining after 1
hour culture on grid patterns; B. Statistical analysis of Lck microcluster size versus total cell size,
and the percentage trend correlates with IL-2 secretion shown in Fig. 2.23.
The microplate format of IMP also allows straightforward study of the combined effects of drugs
and topography, to determine whether chemical factors can interact with geometric cues and affect
cell activation metrics. Actin polymerization and myosin contractions are believed to play a central
role in actomyosin retrograde flow, MCs centralization and sustained Ca2+ signaling, which are
critical for T cell signaling and activation. [51] Therefore we screened several cytoskeleton inhibitors
(Latrunculin B, Jasplakinolide, and Blebbistatin) in combination with grid geometries. Latrunculin
B (LatB) is an F-actin depolymering agent inhibiting formation of microcluster. [49] Jasplakinolide
(Jasp) is an F-actin stabilizing agent that perturbs actin turnover. [55] Blebbistatin (Blebb) is a
inhibitor of myosin II ATPase activity. [56] All inhibitors were added 5 minutes post cell-seeding.
Fig. 2.26A shows that IL-2 secretion on grids is comparable for controls and LatB treated cells,
and strongly suppressed for Jasp. Surprisingly, we found strong drug/geometry interaction in T
cells cultured on grids and exposed to blebbistatin.
Surprisingly, we found strong drug/geometry interaction in T cells cultured on grids and exposed
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Figure 2.26: IMP compatibility for study of topography-drug combinations on cell expansion. A.
Three inhibitors (Latrunculin B, Jasplakinolide and Blebbistatin) were tested for a drug/geometry
combination effects on cell behavior. There is a drug/geometry interaction with 200 nm grids and
blebbistatin; B. IL-2 secreted in supernatant after 2-3 days of culture on grid geometriess with and
without Blebbistatin. Two-way repeated measure ANOVA analysis shows significant enhancement
in IL-2 secretion with Blebbistatin & 200 nm trench geometry combination. (*, p<0.02; **, p< 0.3;
***, p<0.0002)
to blebbistatin. The general trend follows the one from IL-2 study of Fig. 2.23; however, the
enhancement or inhibition of the IL-2 secretion was amplified with the addition of blebbistatin. In
particular, we observed a 162% enhancement in IL-2 secretion after 2-3 days of culture (Fig. 2.26B).
The lack of an effect due to Lat B is explained by the rapid (< 5 min.) assembly of microclusters:
[54] although LatB inhibits the formation of new MCs by actin depolymerization, existing MCs are
stable. On the other hand, Jasp perturbs actin turnover, freezing the actin networks, and causing
the loss of phosphor-PLCγ1 in T cell activation, and further shutting down Ca2+ signaling. The
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detailed mechanism for the geometry-dependent effects of Blebbistatin is still unknown; however,
we postulate that the loss of myosin contraction enhances the effect of segregation of CD45 on 200
nm grids and the entry of CD45 on 100 nm grid.
2.6.3 Long-term culture analysis
Figure 2.27: T cell long-term expansion. Two groups experiments carried out, one without addi-
tional IL-2 and the other group with 50 ng/ml IL-2 addition at the beginning of cell culture. Cell
induction and proliferation were assayed by CFSE dilution every two days from day 3 and at day
9 cells were frozen down for restimulation.
Another distinguishing advantage of IMP is that the well-plate format makes long-term culture
straightforward, allowing study of proliferation over many days. In this study, mixed CD4+/CD8+
cells were isolated from whole blood from healthy patients and were seeded at 1 ∗106/ml (200 k
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cells in 200 µL) (37 ◦C, 5% CO2). Cell proliferation was assessed beginning on day 3 post-seeding
and on every other subsequent day. Proliferation index as well as the percentage of cells entering
primary division was determined via carboxyfluorescein succinimidyl ester (CSFE) labeling prior
to initiation of the culture tracking or proliferation by dye dilution on day 3 post-seeding with flow
cytometry (BD FACSCanto II). Cells were frozen down for restimulation upon completion of the
initial blasting phase.
Figure 2.28: IFNγ analysis of restimulation after long-term expansion. analysis of restimulation
after long-term expansion. Cells were restimulated by Dynabeads and IFN- expression percentage
is analyzed for the study of cell functionality, grid patterns showed less but comparable percent of
IFN- comparing with Dynabeads.
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In Fig. 2.27, two groups of experiments were carried out either with or without addition of
IL-2 (50 ng/ml) at the beginning of culture to enhance the activation. Without added IL-2, 100-
and 200 nm grid patterns outperformed Dynabeads, with up to 3-fold increase in expansion ( 1.5
more doublings) and a maximum in cell expansion observed around day 13. With added IL-2, cell
proliferation levels were increased, especially on 100 nm patterns. This is understandable given the
fact that 100 nm grids showed the lowest IL-2 secretion at day 3 (Fig. 2.23). Moreover, the rate of
expansion was observed to be higher on patterned surfaces than on Dyanbeads: cultures expanded
on Dynabeads reached peak fold expansion on day 11, whereas the 200 nm grids yield the same
level two days earlier on day 9.
Following expansion, T cells functionality was evaluated by the IFNγ expression level. Fig. 2.28
shows that cells stimulated on our patterned surfaces and Dyanbeads showed similar IFNγ expres-
sion profiles, confirming that grids provide improved expansion with no significant loss in function-
ality, indicating that these findings have direct clinical applicability in adoptive immunotherapy.
2.7 Conclusion
In conclusion, we have demonstrated an Integrated Mechaniobiology Platform to study cellular
interactions with nano-topographies. The IMP system uses a standard well plate format, and is
compatible with existing high throughput technologies such as plate readers, multi channel pipettes,
and fluidic handling robots. And these enable us to incorporate new high throughput assays such
as ELISA, long-term expansion and drug-topography effects. As a demonstration, the IMP was
used to screen the effects of nano-topographies on activation of T cells. In a study of 100s of
samples over a dozen geometries, we discovered significant changes in T cell activation response in
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grids with gaps from 300 nm to 100 nm. In particular, the 200 nm grid pattern provided a 3-fold
increase in expansion with no change in functionality. These findings confirm that cell expansion
and restimulation can be strongly modified by early stage physical interaction with the substrate
topography, as confirmed by imaging of MC formation and drug inhibition studies. They further
motivate future research into the details of the geometric interaction, for instance to measure and
understand CD45 segregation on grid patterns. The IMP format directly facilitates these findings
by allowing efficient exploration of multiple geometries in separate wells for independent long-term
culture, combined with compatibility with multiple assays of cell behavior.
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Chapter 3
Multiple Stiffness Pillar Platform
(MSPP) for mechanosensing study
Cell interacts actively with its physical environment by exerting mechanical forces, and the me-
chanical stimulus can be converted to biochemical signals through mechanosensing. The process
of mechanotransduction will affect cell shape, differentiation, proliferation and migration. [57–60]
Cyclic stretch led to the re-orientation of fibroblasts with alignment of force direction. [61] Mes-
enchymal stem cells (MSCs) are shown to commit different phenotypes and differentiation direction
with different level of environment elasticity. [57] Substrate rigidity has been shown to regulates
T cell activation and proliferation. [44] And cell movement and migration is also guided by the
substrate rigidity.
The mechanosensing process is a feedback system consisting by the cell itself and its external
mechanical environment. External forces such as compression, tension and shear stress can be
detected and transduced to biochemical signals inside the cell. Also cells can exert internal forces
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generated by cytoskeleton and applied to the ECM through integrins. The external and internal
forces are both involved in the mechanosensing processes. Normally this mechanosensing procedure
happens in the time scale of minutes to hours, Fig. 3.1.
Figure 3.1: Schematic of mechanotransduction process. Mechanotransduction converts mechanical
stimuli such as substrate rigidity into chemical signals and forms a feedback system. [61]
It has been found out that the mechanical interactions with its physical environment will lead
to various of biological phenomena such as organ formation, tissue regeneration, tissue aging and
repair. Rigidity of the microenvironment as one of the mechanical cues that is critical to cells
influences cell polarity, metabolism, fate, differentiation and migration. Cell movement is guided
by the rigidity of the substrate.
The study of mechanotransduction requires the controllable stiffness manipulation of artificial
extracellular marix (ECM), and multiple platforms have been developed and implemented in the
study of mechanosensing. Vascular smooth muscle cells have been shown to undergo direct mi-
gration from soft to stiff regions on a hydrogel substrate with gradient rigidity. [62] Cells were
shown to align to the direction of stress field initated by stretching the gel substrate or by applying
an aligned shear flow. [63] In other researches, on the other hand, showed that cells would orient
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perpendicular to the direction of stress field. [64–66]
3.1 Overview of mechanosensing study on dual stiffness pillar
platform
Figure 3.2: SEM image of a typical REF52 cell on a micropillar substrate. [67]
Besides gels, PDMS micro- and nano-scale pillar platform has been widely used to study
mechanosensing behaviors [68,69], Fig. 3.2, and pillar platform has its advantages such as tunable
stiffness range to study different cell types and most importantly, traction forces can be analyzed
using this platform. In order to investigate cell mechanosensing process, different twists have been
applied to pillar platform.
By modulating the pillar dimension such as the diameter or height, bending stiffness can be
controlled accurately. With this kind of pillar arrays platform, quantitative analysis of cellular
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Figure 3.3: Durotaxis revisited with micropillar substrates. A. Scanning electron micrograph of
a cell spread between two micropillar surfaces exhibiting different stiffnesses; B. Statistics of cells
migrating from the soft substrate toward the stiff one as a function of the spring constant of the
soft pillars; C. Statistics of cells migrating from the stiff part of the substrate as a function of the
spring constant of the stiff pillars; D. Bright field images of the movement of REF52 cell at the
border between stiff and soft substrates; E. Force distribution during a typical crossing event of an
REF52 cell from soft to stiff substrate; F. Variation of the force on the stiff pillar. [67]
forces can be obtained in real time. Which can provide abundant information about the dynamics
of how cells respond to varieties of mechanical signals. Also by changing pillar dimension, a broad
range of stiffness can be achieved to allow analysis of cellular responses to different rigidities.
Double stiffness pillar platform with different pillar diameter is used for studying cell migrating
path, speed and signaling, Fig. 3.3. [67] The platform is easy to fabricate, however the contact
areas will be different for cells on stiff and soft area, which will result in different focal adhesion
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size. Focal adhesion is the starting point of cell mechanosensing signaling and different FA size will
make it inconsistent to study mechanosensing mechanism on soft and stiff areas.
Figure 3.4: Patterned PDMS micropost arrays to spatially regulate substrate rigidity. (a) Schematic
of the microfabrication process to generate spatially patterned PDMS micropost arrays. Drawings
were not to scale. The fabrication process involved standard photolithography, deep reactive-ion
etching (DRIE), and replica molding of PDMS. (b) Cross-sectional scanning electron microscopy
(SEM) images showing microfabricated silicon hole array masters with spatially patterned hole
depths L as indicated. The silicon holes had a diameter d of 2.4 lm, with a center-to-center spacing
of 4 lm. (c) SEM images of PDMS micropost arrays with spatially patterned post heights and
rigidity. [70]
Step changed pillars with same diameter was engineered to study fibroblast traction force mea-
surement, polarity and durotaxis. [70,71] By applying two cycles of fabrication processes including
resist coating, photolithography, DRIE etching, etc, dual stiffness pillar with different pillar heights
were fabricated, Fig. 3.4. Cells spanning a substrate of different rigidities could exert greater trac-
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tion forces on the rigid area, which will increase the cytoskeletal tension and induce durotaxis.
This dual stiffness substrate facilities the study of subcellular traction force study, and supported
the observations that durotaxis is a result of a feedback mechanism so a higher traction force will
induce cell migration by puller cells in that direction.
Figure 3.5: Schematic of proposed multiple stiffness pillar substrate.
Nowadays, it has been more and more necessary and interesting to implement more sophisticated
pillar platform to further the study of mechanosensing, such as multiple stiffness platforms. A single
cell sitting on multiple stiffness surfaces will help us unveil how cells make the decision of migrating
to certain stiffness, what signaling pathways recruited during this process, Fig. 3.5. For example,
by using multiple stiffness pillar platform, we can understand how much force exerted on the soft
and stiff area, also what proteins is recruited at what time point will be significant to study the cell
mechanosensing procedures.The pillar bending stiffness equation tells us that there are three ways
(pillar height: L, pillar diameter: D, and Young’s modulus: E) to change PDMS pillar bending
stiffness.
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Figure 3.6: Electron-beam interaction with PDMS thin films. [72]
Prior to the work described in this thesis, the Wind group, in collaboration with the Kysar
group, explored cellular response to differences in rigidity at the micro- and nanoscale. They cre-
ated patterns of heterogeneous rigidity in PDMS substrates by exposing the elastomer to a focused
electron beam (they also considered the effects of deep ultraviolet exposure, as well as pillar sub-
strates), Fig. 3.6. [72] They found that they could increase the rigidity of the elastomer in the
selected region by cross-linking the elastomer. The treated spots varied in size from ∼100 nm to
several micrometers. They used nanoindentation to measure the change in the mechanical prop-
erties of the PDMS films. Finite element analysis of the nanoindentation measurements suggested
that the relative stiffness change between the exposed area to unexposed area can reach up to 2
orders of magnitude.
Skeletal stem cells plated on the heterogeneous rigidity surfaces displayed differential response
as a function of exposure dose and size in the formation of focal contacts. Differences in cell size
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and motility were also observed. Extensions to other cells types, including CD4+ T cells and
two lines of breast cancer cells also showed distinct responses to the heterogeneous rigidity patterns
(unpublished work). This technology can be expanded to modify the rigidity of a three-dimensional
structure over large areas. Inspired by this work, in the follow sections, I will discuss about how
to use UV/Ozone treatment to the pillar substrate to obtain dual bending stiffness pillar platform
for mechanosensing study by increasing the Young’s modulus.
3.2 Fabrication of dual stiffness platform
Here we demonstrate our Multiple Stiffness Pillar Platform (MSPP) for mechanosensing study
by modifying PDMS Young’s modulus, Fig. 3.7. By expose the PDMS pilar substrate to the
UV/Ozone, a 80 nm thick silica-like layer will form inside the PDMS at the depth of 160 to 480
nm by crossing linking SiO2- group to -SiOx -, and this change is irreversible. [73–80] The effective
stiffness of the material will increase with increased treatment time. And we placed TEM grids
on top the pillar platform to work as a shadow mask in order to selectively modify certain pillar
bending stiffness, Fig. 3.7B. By modifying PDMS Young’s modulus to have dual stiffness pillar
platform is the key distinctions of the MSPP, and provides four important advantages over the
prior art. First, fabrication of pillar molds will be simplified, since a generic uniform pillar design
will suffice the requirement. Second, multiple stiffness pillars will have same dimensions, which will
facilities the comparison between soft and stiff areas. Third, the relative stiffness change between
stiff and soft can be flexibly manipulated by changing the UV/Ozone treatment dose. Fourth, the
stiff and soft area arrangement can be customized easily based on experiment needs by selecting
different TEM grid patterns, which include bars, meshes with different combination of window size
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Figure 3.7: Fabrication of original silicon mold and schematic of UV/Ozone treatment on PDMS
pillar. A. N type 4-inch silicon wafer coated with 600 nm UV210-6 photoresist. Resist was exposed
by DUV stepper with mask in between. Mask was prepared using Heidelberg Mask Writer. Resist
was developed using Gamma Automatic Develop Tool. Dry etch using Unaxis 770 Deep Si Etcher
to achieve 500 nm diameter holes with depth varies from 0.8 µm to 1.8 µm; Leaving resist was
removed by Aura 1000 Resist Strip; B. Nickel TEM grid is placed on PDMS pillar substrate for
UV/Ozone treatment (wavelengths: 185 nm and 254 nm). PDMS is premixed with c343 dye for
rigidity marking.
and pitches. As a final added advantage, this technique can enable triple or more stiffness on a
single pillar substrate.
Fig. 3.7A shows the fabrication of original molds for pillar pattern and implementation and
characterization of MSPP. Mask was designed using Tanner L-Edit, and fabricated using Heidelberg
Mask Writer DWL2000. N type silicon wafers were spin coated with a 60 nm thick anti-reflection
coating (ARC) and then a layer of 600 nm thick UV210-6 photoresist using Gamma Automatic
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Coat-Develop Tool. Then resist coated silicon wafers were exposed by ASML 300C DUV Stepper.
Stepper exposing focus and dose was adjusted based on test runs to get desired dimension. Exposed
resist was developed afterwards. Then the developed wafers were etched using Unaxis 770 Deep Si
Etcher. After this step, all the left Arc layer and protecting resist was removed using Aura 1000
Resist Strip. Silicon wafers were finally diced using Dicing Saw-DISCO.
In the preparation of the PDMS, we mixed coumarin 343 dye in the PDMS, which will be
bleached under UV treatment, in order to have a background mark of where is the stiff area and
where is the soft area, bottom-right picture of Fig. 3.7B.
PDMS substrate was oxygen plasma treated for 1 minute to increase surface energy to prevent
pillar collapsing before placing TEM grid. Annealed nickel TEM grid was placed on the surface
of patterned area at the bottom of MatTek dish. Then the dish was put into the chamber of
UV/Ozone Procleaner by BIOFORCE for 1.5 hours. After treatment, TEM grid was removed by
upturning the dish.
3.3 Characterization of MSPP
Measurements were carried on using AFM, Fig. 3.8. Imaging was performed in air with SNL-D
cantilevers (Bruker) in force volume mode and in contact mode. As for the experimental procedure,
first, pillar top position was determined based on 16-by-16 pixel topographical maps acquired in
force volume mode. Once the position of the pillar center was accurately determined, scan size was
reduced to a single spot corresponding to the pillar center, and AFM operation was switched to
contact mode. Then, a small normal load was applied to the pillar to promote adhesion between
the silicon nitride cantilever tip and the PDMS pillar top. As mechanical coupling was achieved,
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Figure 3.8: Schematic of pillar bending stiffness measurement using AFM in force volume and con-
tact mode. Measurements were carried on a Multimode AFM (Bruker) equipped with a Nanoscope
V controller (Bruker) and mounted on a BM-4 vibration isolation table (Minus K technology).
stage movement would cause a concomitant deflection of the pillar and a rotation of the cantilever.
The force equilibrium between these two components can be written as:




, where kp is the pillars deflection spring constant, x is the pillar displacement, kT is the AFM-
detected lateral spring constant, ∆VΦ is the change in voltage detected in the friction channel, and
Sx is the lateral deflection sensitivity of the cantilever in V /nm. Due to kT >> kp, it is possible
to approximate x with the extent of stage movement and the change on voltage across different
samples to depend exclusively on kp. Hence, the simple readout of voltage across different samples
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provides a straightforward tool to quantitatively compare the change in stiffness across different
pillar treatments.
3.3.1 Stiffness fold change
We have characterize the relative stiffness change for three pillar heights (0.8 µm, 1.3 µm, and
1.8 µm), and the pillar diameter is 500 nm, Fig. 3.9A. We can see the relative stiffness increases
exponentially and reaches to around 20 fold after 2 hour UV/Ozone treatment. And this 20 fold
change is still far from saturation and the fold change will reach to 40 when treated by 4 hours,
Fig. 3.9B.
Figure 3.9: Characterization of PDMS pillar bending stiffness fold change. A. Stiffness fold in-
crease was analyzed for 0.8, 1.3, and 1.8 µm tall pillars, and stiffness increases exponentially with
UV/Ozone treatment dose. Stiffness increases up to 20 fold when treated for 2 hours for the 1.8 µm
pillar; B. Full characterization of stiffness fold change for 1.8 µm tall pillar. After 4 hour UV/Ozone
treatment, the stiffness change reached up to 43. And there is no saturation at the treatment time
of 2 hours.
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3.3.2 Transition of stiffness
In the mean time, I used a 12.5 µm pitch mesh TEM grids (6.5 µm window and 6m bar) to check
the stiffness transition between soft and stiff area, Fig. 3.10. We can see it takes 2-3 µm distance
to finish the stiffness transition for nickel TEM grid. For standard fibroblast size of >50 µm, this
transition can be neglected.
Figure 3.10: Characterization of stiffness transition. A. stiffness transition for copper TEM grids,
it takes up to 13 µm to finish the transition B. Stiffness transition of Nickel TEM grids, pillar
substrtate finishes the transition within 3 µm distance.
The nickel TEM grids purchased from SPI supplies normally are not flat enough. To ensure a
better contact between PDMS substrate and grids requires the grids to be flat. TEM grids were
transferred to glass slides in batch. Then place another glass slide to make a “sandwich” with
the grids in the middle. The slides were put on a hotplate with temperature at 300 ◦C. Squeeze
the glass slides by putting extra weight on top (800 g) for 1 hour. Turn off the hotplate without
removing the weight on top until the slides cool down to room temperature.
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3.3.3 Bending stiffness calculation
The bending stiffness of a pillar is determined by PDMS Young’s modulus (E), pillar height (L),
and diameter (D). In most studies, only bending of a bottom fixed pillar is taken into account to








Figure 3.11: Elastic pillar deflections induced by lateral force. (A) Fibroblasts on micropillar array.
Overlay of a DIC image with fluorescence from a DiI membrane stain. (B) Relevant parameters
of the system: the pillar has height L, diameter D, Youngs modulus E, and Poisson ratio . A
force F directed in the positive x direction causes a deflection total of the pillar top and induces a
momentum M = FL at its bottom. (C) The total deflection comprises contributions from bending
and shear of the pillar, as well as tilting and a lateral displacement of the base beneath the pillar. [81]
Researchers have been modifying L and D to design for a desired stiffness. However, the pillar
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shear movement, pillar base tilting, and base horizontal dislocation are not taken into consideration
for a more accurate calculation of pillar bending stiffness. [81] Here is a modified bending stiffness
equations considered parameters mentioned above:

























, where corr is a bending stiffness corretion term, v is PDMS material Poisson Ratio,which equals
to 0.5, a=1.3, L is the height of the pillar and D is the diamter of the pillar.
In order to calculate the pillar bending stiffness using the above method, we need to calibrate
the PDMS Young’s modulus, while the other parameters area already known. The force applied to





. where E is the Youngs Modulus; v is the Poissons ratio (0.5 for PDMS); D is the diameter of the
contact area; F is the force applied vertically from the indenter and h is the vertical displacement
of the PDMS. Then Youngs modulus E can be described by:
E = (1 − v2) F
Dh
(3.7)
Bulk Sylgard 184 PDMS was prepared with a mixing ratio 10:1. PDMS was cured in the well of
NUNC 8 well dishes at 60 ◦C for 12 hours. After curing, a 12 mm diameter circular coverslip was
placed on the surface of PDMS to accurately control the contact area. 175 grams of force was applied
vertically from the indenter and displacement was read by Mitutoyo ID-C112EX indicator. The
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Figure 3.12: PDMS Young’s modulus measurement. A. Bulk PDMS was placed underneath the
indenter with a 12 mm diameter coverslip at the contact site to provide an accurate and known
contact area. Vertical force is applied from top to indent PDMS, vertical displacement and force
can be obtained afterwards; B. Regular Sylgard 184 PDMS (10:1) and PDMS with c343 mixed were
measured using this method too. The Young’s modulus were consistent around 2 MPa comparing
with regular PDMS.
displacement of the dish bottom need to be subtracted by measuring this displacement, Fig. 3.12A.
And the mixture of c343 does not change material Young’s modulus, Fig. 3.12B.
Pillar substrate effective stiffness calculation. Based on the research of Ghibaudo, M. et al, [82]





,where Eeff is the effective stiffness, k is the pillar bending stiffness, a is the radius of pillars.
Based on the above calculation, we can have the bending stiffness and effective stiffness of our
pillar substrate in this project, Table. 3.1.
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Effective stiffness       
No UV/Ozone  
(kPa) 
Effective stiffness       
1.5 hr UV/Ozone 
(kPa) 
1.8 3 8.6 103.2 
1.3 6.1 17.6 158.4 
0.8 18.8 54.9 494.1 
!
Table 3.1: Bending stiffness and effective stiffness of MSPP.
3.3.4 Verification of AFM measurement
The fiction loop acquired over pillar tops upon sample movement displayed linear and overlapping
trace and retrace (Fig. 3.13A), indicating that pillar tops and cantilever torsional motions behave
as spring in series. This was confirmed by a lack of detected hysteresis, confirming the elastic
behavior of the system. We verified this notion by measuring the stiffness changes across pillars
with different PDMS mixing ratios (Fig. 3.13B).
The stability of the adhesion between the tip and the sample was verified by monitoring the
friction channel as a function of the sample movement relative to the tip. Due to the Hookean
behavior of the system, stable connection between tip and cantilever results in a linear increase in
friction force as a function of sample displacement and linear decrease upon return to the resting
position. Slippage events, on other hand, can be readily detected by recording an abrupt decrease in
friction at discrete points. In our experiments, we limited sample movement to small displacements
( 20 nm) to avoid slippage events.
3.3.5 Surface Chemistry
In order to bind and activate fibroblast, we need to coat the PDMS surface with ECM proteins such
as fibronectin (FN), which prefers hydrophobic surface. It is debating whether the chemical signal
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Figure 3.13: Verification of pillar bending stiffness fold change measurements using AFM. A. The
trace and retrace voltage value from AFM measurements, and the voltage increase proportionally
with horizontal displacement. This is identical with Hookes law and the slop of voltage increase
can be treated as the bending stiffness of pillar system; B. Verification carried on pillars with
same dimension but different PDMS mixing ratio. The measured fold change of bending stiffness
correlates with Youngs Modulus fold difference by different mixing ratio.
or the mechanical signal is dominant in determining cell fate such as proliferation, differentiation,
migration, and apoptosis. So it is important to maintain the PDMS substrate FN coating unifrom
for better study of the mechanocal effects from the substrate to cells. However, UV/Ozone treat-
ment will turn the hydrophobic PDMS surface to hydrophilic, resulting in low FN coating density,
Fig. 3.14. The hydrophobicity of the PDMS surface after the UV/Ozone treatment will recovery
by sitting treated PDMS in air, Fig. 3.15. Alexa 647 fluorescent dye conjugated FN was coated
on the pillar platform after UV/Ozone treatment to check FN coating density. FN coating density
is mainly determined by three parameters: surface hydrophobicity, FN coating concentration, and
coating time. We maintained coating time constant for 1 hour, and we waited for different amount
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Figure 3.14: Protein surface density values as a function of UV/Ozone radiation times. The
decrease in surface density is attributed to loss of surface hydrophobicity and therefore weakens
the protein-surface attraction. [83]
time after the UV/Ozone treatment to check at what time point the FN coating density can be
uniform on stiff and soft area for two coating concentration (10 µg/ml and 20 µg/ml), Fig. 3.16.
After 1 hour waiting, the FN density was not uniform, however, 20 µg/ml coating concentration
mitigated the difference. After 2 days, including 1 week resting, there is no difference on the coating
density between treated and untreated substrates, Fig. 3.16B.
3.4 MSPP application for rigidity sensing associated proteins study
At a subcellular level, the molecular mechanisms of cell rigidity sensing are still poorly understood.
Here, we demonstrate how MSPP can help us to understand when and how cells sense rigidity and
incorporate this information into decisions about growth, replication, and migration. Initial fibrob-
last spreading on FN is defined by a rapid isotropic spreading (P1) followed by a contractile phase of
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Figure 3.15: Hydrophobic recovery of PDMS after 10∼120 min exposure to UV/ozone: (a) Sylgard
184, (b) Sylgard 170. The dotted lines indicate the values of the initial advancing (ya) and receding
contact angles (yr). Empty symbols: advancing contact angles, filled symbols: receding contact
angles. Diamond: 10 min exposure; triangle: 30 min exposure; square: 60 min exposure. The
horizontal, dashed lines indicate advancing and receding contact angles, respectively, of untreated
PDMS. [84]
spreading involving cycles of protrusion and retractions that is likely triggered by membrane tension
increase (P2). [85, 86] During these processes, cells actively test the mechanical properties of the
environment through integrin adhesions to the ECM that incorporate the force-dependent binding
of adhesion-associated proteins to molecular scaffolds such as paxillin and p130CAS. Clusters of
integrins and early adhesion associated proteins, termed nascent adhesions, form in the absence
of myosin generated force. [87] For instance, the recruitment of paxillin to adhessions is indepen-
dent of myosin II activity. [88] Myosin-II motors then pull on actin filaments and exert tension on
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Figure 3.16: MSPP surface chemistry characterization. A. MSPP is firstly treated by UV/Ozone
for 1.5 hours and rested for different amount of time before FN coating, and the resting time
varies from 1 hour to 7 days. FN is conjugated with Alexa 647 dye and coated with two different
concentrations (10 µg/ml and 20 µg/ml). C343 dye is premixed in PDMS for the marking of areas
with different rigidity; B. If treated PDMS is only rested for 1 hour, FN coating density will be
different by a factor of 2 for 10 µg/ml, while the difference will be mitigated if coating concentration
increased to 20 µg/ml. Rested for 2 days or above will achieve an uniform FN coating density for
both coating concentration.
actin-anchoring sites on talin, -actinin, and integrin tails within the nascent adhesions resulting
in rigidity-dependent stabilization of the nascent adhesions, and a transition into maturing focal
complexes marked by the recruitment of further adhesion-associated proteins. [89]
To demonstrate the potential of MSPP to investigate sub-cellular mechanisms of rigidity sensing,
we examined the localization of paxillin, p130CAS, myosin IIA, and biphosphorylated myosin light
chain (p-MLC) on dual stiffness pillar substrates. P130CAS is a primary force sensor, which
transduces force into mechanical extension exposing cryptic phosphorylation-sites and acting as a
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Figure 3.17: MSPP application for rigidity sensing associated proteins study. A-C. Myosin IIA,
p130Cas, paxillin and p-MLC fluorescent staining after 1 hour spreading on dual stiffness pillar
substrate with soft rigidity 8.6kPa and stiff rigidity 103.2kPa.
hub of downstream signaling during rigidity sensing. [90] Myosin IIA motors play a central role
in rigidity sensing by exerting forces on mechanosensors via bound actin filaments. P-MLC is the
active version of force-generating myosin II motors, [91] which are responsible for exerting force
and maintaining a cohesive actomyosin network in the cytoskeleton. [92,93]
The pillar substrate was used two days after a 90 minute UV/Ozone treatment to yield a 10
fold effective stiffness difference according to Fig. 3.9 (54.9kPa/494.1kPa for 0.8 µm pillar height,
17.6kPa/158.4kPa for 1.3 µm pillar height, and 8.63kPa/103.2kPa for 1.8 µm pillar height). The
pillar substrate was coated with FN for 1 hour with a 10 µg/ml coating concentration at 37 ◦C.
MEFs were transfected with GFP myosin IIA 16 hours prior to seeding on the substrates, and
CHAPTER 3. MULTIPLE STIFFNESS PILLAR PLATFORM (MSPP) FOR
MECHANOSENSING STUDY 76
Figure 3.18: A. Cells cultured on dual rigidity pillar substrate and leading edge protein is nor-
malized by dividing intensity of the inner ring: (area1/area2)/(area3/area4); B. Cells cultured on
single rigidity pillar substrate, either soft or stiff, were analyzed with an arbitrary vertical line
dividing cells in half. Leading edge protein intensity is normalized by dividing inner ring intensity:
(area1/area2)/(area3/area4).
cells were cultured for 1 hour on the FN coated substrates. Square masks with a bar width of
25 µm and a hole area of 37 µm ∗ 37 µm gave a pitch of 62 µm such that individual cells would
span multiple stiffness transitions. After the culture, cells were immuno-fluoresecently stained for
paxillin, p-MLC, and/or p130CAS. The fluorescence intensity of the labeled proteins over the stiff
and soft areas was obtained by confocal imaging. Over 300 cells were analyzed using ImageJ
software. Fig. 3.17.
We have proposed that active rigidity sensing occurs in lamellipodial protrusions at the cell edge
where dynamic adhesions reside. [68] Therefore, we concentrated our analysis to the outermost 3
µm of cell area. To quantitatively analyze the intensity fold increase for stiff vs soft substrate, we
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Figure 3.19: Statistical analysis on different rigidity sensing proteins on dual stiffness platform.
normalized the edge intensity by dividing the average intensity value within 3 µm of the cell edge
by the average intensity value at the cell center. The center intensity was obtained by averaging
an inner ring of cytoplasm excluding the cell edge and the nucleus. The normalized intensity fold
increase on stiff vs soft is equal to (area1/area2)/(area3/area4) from Fig. 3.18A. We performed
two types of control experiments. First, cells cultured on single rigidity pillar substrate, either
stiff or soft, were analyzed with a vertical line dividing the cell in half, Fig. 3.18B. Normalized cell
edge (lamellipodial) intensities were compared between the (arbitrary) right and left. The second
type of control was comparing fluorescence intensity of a non-mechanosensative protein in cells
cultured on dual stiffness substrate, Fig. 3.19. Cells were transfected with GFP, whose localization
is independent of substrate stiffness, as it does not incorporate into focal adhesions. Each of the
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rigidity sensing-associated proteins showed a ∼40% increase in intensity on stiff compared to soft
substrates in cells that spanned rigidity transitions,
3.5 Protein preferential localization at subcellular level on MSPP
Figure 3.20: Preferential subcellular localization on MSPP. A. PDMS pillar substrate is UV/Ozone
treated with TEM grids (37 µm window and 25 µm bar) for different amount of time in order to
reach 2.5, 7 and 12 fold increase. Myosin IIA intensity fold increase on stiff vs soft was analyzed
after spreading for 1 hour. Significant difference was shown at 7-fold increase; B. Time series on
culture time to analyze myosin IIA intensity fold increase on three pillar height substrates treated
for 1.5 hours consistently. (*, p<0.05; **, p<0.01; ***, p<0.0001)
The exact level of preferential localization at subcellular level was tunable both by altering the
fold change in rigidity between stiff and soft pillars, and by extending the time cells were allowed
to spread and polarize on the substrates. For 60 minutes of cell spreading, preferential localization
became statistically significant above a 5-fold rigidity difference, Fig. 3.20A. On substrates with a
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10-fold stiffness difference, preferential recruitment on stiff areas began immediately on the softest
substrates (1.8 µm) and was apparent on all pillar heights after 30 minutes, eventually reaching a
plateau at 50% enrichment on stiff compared to soft after 2 hours of spreading regardless of pillar
height, Fig. 3.20B. The enrichment starts to saturate after 40 minutes of culture, which correlates
with the ending of fibroblast P2 spreading.
Integrin adhesions go through a stereotypical maturation process, beginning as nascent adhe-
sions directly at the leading edge of a cell, growing through a stage termed focal complexes as
they collect more adaptor and signaling proteins, and finally either disbanding and turning over or
reinforcing into mature focal adhesions when they reach the lamellipodium/lamella interface. En-
hanced reinforcement of growing adhesions has been observed many times in response to increasing
rigidity. [94, 95] Additionally, fibroblasts are well known to scale their contractility to the rigidity
of their surroundings. [68, 96] Most of these observations come from cell culture substrates with
uniform rigidity. The literature addressing cells grown on substrates with stepped rigidity changes
is sparse, but seems to agree with our observations that, outside of very specific ranges, differences
in rigidity of less than 5X dont significantly effect adhesion growth rates. [67, 70] That p-myosin
is not enriched to a greater degree than total myosin suggests that the regulation of myosin phos-
phorylation is not directly effected by rigidity. Traction forces tend to rise linearly with substrate
rigidity. [67,68,96] Since myosin concentration only increases 50% for a 10 fold increase in rigidity,
it must be the case that the total force potential of the myosin population is not the limiting factor
in how much force is generated by myosin ATPase activity in response to substrate rigidity. Myosin
concentration rising by the same amount as focal adhesion protein level suggests that the additional
myosin recruitment above stiff regions may simply be a result of increased actin binding to the focal
complexes on those regions which could be more numerous, more quickly growing, or both on stiff
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surfaces compared to soft.
It has been shown that myosin generated tension does not ramp smoothly over time on 500
nm pillars, but rather ramps to a force threshold, pauses, and then continues to a peak value
determined by the pillar stiffness. [69] On pillars where the bending stiffness is soft enough that the
peak value does not reach the force threshold, adhesion reinforcement does not occur, and nascent
adhesions do not mature. Integrins are known to increase their affinity for ECM binding partners
under tension do to conformational changes. [97] Other mechanosensative proteins such as talin [98]
and p130Cas [99] have different threshold levels for conformational change under tension some of
which can be reached by the forces associated from actin polymerization, which are lower than those
due to myosin contractility. [99] Our data suggest multiple gating thresholds for adhesion growth
and reinforcement. Our softest pillars (1.8 µm no UV: 3 pN/nm) pass through the first gate as
evidenced by localization of adhesion proteins to the leading edge. However, since we see preferential
localization to stiff in early spreading on 1.8 µm pillars, there must be a second gate that the soft
pillar adhesions do not pass through. On our stiffer pillars, the preferential localization is delayed.
This could be because even the non-UV treated pillars on the stiffer arrays pass through both early
gates, but as nascent adhesions begin to grow and carry more tension, a further gate is reached that
passes the adhesions UV treated pillars, but not those on untreated pillars. Alternately, MIIA is
the myosin isoform at the leading edge of migrating cells, suggesting these cells may have polarized
and begun to durotax at the time of fixation. As rapid, branched actin polymerization and dynamic
actin reorganization are hallmarks of the leading edge in migrating cells, [100] these possibilities
need not be mutually exclusive.
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3.6 Cell polarization and adhesion size analysis
Figure 3.21: Cell polarization analysis (22 hours spreading). A. Diagrams of cells on only soft,
only stiff and dual stiffness substrates; B. Cells were cultured for 22 hours and stained phalloidin
to analyze cell size, polarization. Three height PDMS pillar substrate were all UV/Ozone treated
for 1.5 hours, such there are single stiffness with rigidity range from 8.6kPa to 494.1kPa with three
groups of dual stiffness areas.
In addition to studies of early mechanosensing, we also demonstrate the dual stiffness effect on
fibroblast actomyosin network building and focal adhesion formation. Each MSPP provides three
different ECM stiffness areas to fibroblast: only soft, only stiff, and dual stiffness, Fig. 3.21A. Fi-
broblasts were cultured for 22 hours on three sets of MSPP (each row represents one set), Fig. 3.21B.
On the two softest single stiffness substrates (S-8.6kPa and S-17.6kPa) large actin filaments (stress
fibers) typically did not form, while filaments started to form on substrates with stiffness above
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54.9kPa (including S-103.2, 158.4, and 494.4kPa). When cells were exposed to the softest dual stiff-
ness array (D-8.6/103.2kPa), there was no actin filament formation, but on the other dual stiffness
arrays (D-17.6/158.4kPa and D-54.9/494.1kPa), the filaments appeared, as did on S-158.4kPa and
S494.1kPa.
Figure 3.22: Paxillin adhesion sizes were analyzed at cell lamellipodial. Adhesion size were ana-
lyzed based on paxillin cluster arrangement that grouped clusters were treated as a single paxillin
adhesion.
We next investigated adhesion sizes on the three areas using immunostaining for the adhesion
protein paxillin. Analysis of paxillin distribution showed that clusters formed on top of the pillars,
Fig. 3.22. These clusters could either be maintained as independent adhesions (circle 1) or form a
larger elongated structure (focal adhesion) by grouping together (circle 2&3). The non-continuous
paxillin formation resulted from the non-continuous pillar substrate. However, when the paxillin
clusters formed larger elongated structures, we treated them as a single adhesion, considering the
cell mechanosensing perspective (whereas at the integrin level the clusters would be segregated due
to the non-continuous pillar array, the actin regulatory layer, where paxillin resides [101], could be
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Figure 3.23: . Average paxillin adhesion size were analyzed regionally or in the cellular level based
on if cells spread on single or dual stiffness substrates. (*, p<0.05; **, p<0.01; ***, p<0.0001)
continuous). By analyzing the average paxillin size on the three MSPP substrates in Fig. 3.23, we
observed an increased paxillin area on single stiffness ECM with increasing stiffness, in accordance
with previous studies. Notably, compared to the S-8.6kPa and S-17.6kPa arrays, there was a
drastic increase in paxillin size on D-8.6/103.2kPa and D-17.6/158.4kPa areas, indicating that
the exposure to 10-fold stiffer substrates was enough to increase adhesion areas. Interestingly,
whereas the D-8.6/103.2kPa dual stiffness array supported the formation of large adhesions over
both rigidities (Fig. 3.23), it did not support the formation of actin stress fibers, which would span
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rigidities (Fig. 3.21B). This indicates that rigidity sensing is a local sub-cellular process (in line
with previous observations, whereby the stiffer regions on the D-8.6/103.2kPa array induced the
formation of strong adhesions. However, these adhesions apparently were not strong enough to
support the buildup of actin stress fibers that are known to apply strong forces to the adhesions.
Thus, there appears to be a transition between the D-8.6/103.2kPa and the D-17.6/158.4kPa arrays.
It could be that there is another rigidity threshold gate between what is required for complete focal
adhesion maturation and what is required to support stress fiber formation. Further investigation
is needed to elucidate the differences between these arrays, including studies of the kinetics and the
composition of the adhesions that form on them.
3.7 Conclusion
In conclusion, we have demonstrated the implementation of Multiple Stiffness Pillar Platform to
study subcellular and cellular mechanosensing. The MSPP is based on generic PDMS pillar sub-
strate and to achieve multiple stiffness by UV/Ozone treatment with TEM grid as the shadow
mask. The MSPP enables simple, tunable. flexible pillar stiffness modification while maintaining
pillar dimension consistent. By sitting the PDMS in air for over 2 days will keep the FN coating
uniform through surface hydrophobicity recovery. As a demonstration, the MSPP was used to
study MEFs early stage mechanosensing and polarization and paxillin adhesions in the long term
spreading. In a study of over 300 cells over three heights of pillar substrate, we discovered that
four rigidity sensing associated proteins (paxillin, p130Cas, Myosin IIA and p-MLC) showed a 40%
increase in intensity on stiff compared to soft substrates in cells that spanned rigidity transition.
And this preferential subcellular localization was dependent on rigidity fold change between stiff
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and soft, as well as cell spreading time on these substrates. For cells spanned rigidity transition,
the stiffness of soft area plays an important role in cell polarization, actomyosin network formation
and paxillin adhesions size. These findings confirmed that multiple gating thresholds for adhesion
growth and reinforcement exist. And the sensing of these gates is a regional behavior in the early
stage, while the cell will maintain a uniform and cohesive phenotype in terms of paxillin adhesion
size in order to polarize and expand. From our find, the first gate for rigidity sensing associated
protein to localize is below 8.6kPa, the second gate for a preferential localization for these proteins
should be 5 fold stiffer, and the third gate for a consistent polarization for cells spanned the stiffness
transition is 54.9kPa. The Multiple Stiffness Pillar Platform can be used to study mechanosensing
mechanisms in a much deeper perspective and facilities future study in this discipline.
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Chapter 4
Mass production of nanostructured
molds
Nanopatterned substrates (made from silicon based molds) are widely used in mechanobiology
studies, drug delivery, and micro-electro-mechanical or nanoelctromechanical (MEMS/NEMS).
Nonetheless, the expenses and time devoted to implement and produce the silicon based molds
are significant, and people have been using these molds repeated. However, the nanostructures will
be degraded with use due to repeated molding and demolding process. Attempts have been made
to maintain the quality of these molds by using pure silicon based nano-patterned molds without
photo-resist, but it was found the cost and time spent on this type of molds are high. Academia
and industry have to choose and sacrifice among the three aspects: expenditure, time, and quality.
This chapter will discuss about an invention I developed to produce nanostructured substrates in
large scale using thermoplastic materials in order to decrease the production cost and time while
increase the production capacity.
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This project was carried out in close collaboration with Prof. Nikolaj Gadegaard from the
University of Glasgow. Prof. Gadegaard has a track record of fabricating micro- and nano-scale
structures using injection molding. [102, 103] These nanostructures can be produced using differ-
ent thermoplastics such as polypropylene, polyurethane, polystyrene, and polycarbonate. Injection
molding based fabrication of nanostructures is fast and cheap. Variety of nanostructures have
been successfully produced using this technology, including symmetric and disordered dots, pillars,
gratings, and gradient pillars, etc. The injection molded nanostructure has the size as small as 10
nm. These nanostructures have been used to study cell-interface interaction, [31] segmentation of
co-cultured cells. [104] mesenchymal stem cell differentiation, [30] and embryonic stem cell differen-
tiation. [105] In this project, the mass production of thermoplastic nanostructured molds and part
of the characterization were finished with the guidance and help from Prof. Gadegaard’s group in
Glasgow.




Figure 4.1: Classical silicon-based nanostructured molds. A. Schematic of PMMA mold, with
nanostructure patterned PMMA layer on the surface of silicon. B. Schematic of pure silicon mold,
with nanosturctures on the silicon directly.
Two classical nanopatterned silicon molds are introduced here, Fig. 4.1. The most generic way to
CHAPTER 4. MASS PRODUCTION OF NANOSTRUCTURED MOLDS 88
fabricate nanostructured silicon based mold is to cast photoresist on the surface first, and eventually
obtain the final product through resist exposure, developing and post-baking processes. The whole
fabrication process will last about hours without considering the designing time. Researchers
normally use this method to carry on study on different nanostructures in the phase of exploration
for critical geometry, since this type of silicon molds can give them the highest level of flexibility
in designing and normally there will be no necessity to perform many experiments on these molds
(get PDMS replica). However, the degradation of the resist after each replica of PDMS will lead
to an inconsistent nanostructure dimension. From our tests, we demonstrated that each PDMS
replica will degrade the PMMA resist by 10 nm. Since our pillar designed dimension is around
1000 nm tall, and the bending stiffness of pillar has a power of three on the pillar height. So the
10 nm variance will be amplified enormously on bending stiffness.
The second type of silicon based mold is pure silicon mold. The final product has nanostructures
on the silicon itself rather than on resist. From Fig. 3.7, it shows the methods of fabricating these
pure silicon molds. As discussed earlier, this type of mold will provide consistent nanostructure
dimension after coating the surface with an anti-adhesive layer. However, it is a time consuming
and expansive way to fabricate nanostructures.
Here I will show the production of disposable thermoplastic molds by combining nanofabrication
technology, electroplating, and injection molding would decrease the cost per sample by >95% and
shorten the time to produce a sample from 4 hours per sample to within 3 minutes. Also, we
propose that for each PDMS replication step a new, pristine thermoplastic master mold will be
used thus eliminating sample-to-sample variation. This invention involves three steps, Fig. 4.2: 1.
The original master mold fabrication using classical nanofabrication technologies, including electron
beam lithography, deep UV lithography, and etching techniques; 2. Pattern transfer from master
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mold to nickel shims using electroplating, and this nickel shim will then be used as the die for
injection molding in the final step. 3. Mass production of the disposable thermoplastic molds
using injection molding technology. These studies demonstrate that the feasibility to product
nanopatterned molds in large scale and this invention would lower the threshold for application of
nanotechnology in MEMS/NEMS, mechanobiology study and drug delivery.
Nickel electroplating Injection molding
plastic mold mass production
Si Ni Thermoplastic
Figure 4.2: Schematic of fabrication and production of thermoplastic molds. This fabrication
process includes three major steps: original silicon mold fabrication, pattern transfer to nickel to
work as die for injection molding, and mass production of thermoplastic molds using injection
molding.
4.2 Mass production techniques
The production was performed in Prof. Nikolaj Gadegaards group at the University of Glasgow.
Once we have the nickel copy of the nanostructures, we can use it as the dye for injection molding.
During the injection molding process, a thermoplastic polymer is heated to around 100 ◦C above
its glass transition temperature (Tg) before it is injected into the mold cavity which is kept 30-50
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◦C below the polymers Tg. Here the polymer rapidly cools and the molded part is ejected before
the process begins again to produce the next part in a fully automated and unsupervised process.
It is this separation of heating and cooling that makes injection molding such a high throughput
process compared to embossing where these processes occur in the same location; the industrial







Figure 4.3: Schematic of the injection molder and the molding process. The injection molder model
number is Engel Victory 28. The molding process starts with melted thermoplastic entering the
tool area with nanostructured nickel dye in their at low temperature. Melted plastic will transit
back to solid state with a copy of the nanostructure. After extraction, the thermoplastic product
will be separated from the tool. This whole process take less than 25 seconds.
The machine used was an Engel Victory 28 fully hydraulic injection molder (Fig. 4.3), typical
in specification to what would be used in industry to create similar sized parts to those made in
this work. Given that the very essence of injection molding is founded in efficiency in an industrial
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production setting, it was central to the validity of this work that the techniques developed be in
line with these values.
4.3 Pattern design and fabrication
2D#SQ 2D#HEX
3D#SQ 3D#HEX

























Figure 4.4: Pattern design for disposable mold. A. Original design of four different patterns: 2D-
SQ (0.5 µm diameter, 1 µm pitch, square arrangement), 2D-HEX (0.5 µm diameter, 1 µm pitch,
hexagonal arrangement), 3D-SQ (0.5 µm diameter, 1.5 µm pitch, square arrangement), and 3D-
HEX (0.5 µm diameter, 1.5 µm pitch, hexagonal arrangement); B. The spacing of patterns has
14 mm pitch and 5 mm gap; C. The four patterns consist the pattern unit and the pattern units
arrangement was as shown on a 4 inch wafer, the table is the coordinates of the bottom left corner
of each pattern unit. There are 12 pattern units on a 4-inch wafer in total.
Tanner L-Edit was used for the pattern design, and the design can be exported with file type
of .tdb and .tdo. These file types can be directly used by Heidelberg Mask Writer. In this specific
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project, we want to have 4 different patterns with 4 different heights, and eventually have 16
patterns combinations. The pattern height is determined in the etching step, thus the design is
responsible for the 4 different patterns and the 4 patterns have to be on one wafer to make it
convenient for PDMS pillar molding and demolding.
The 4 patterns are 2D-SQ (0.5 µm diameter, 1 µm pitch, square arrangement), 2D-HEX (0.5
µm diameter, 1 µm pitch, hexagonal arrangement), 3D-SQ (0.5 µm diameter, 1.5 µm pitch, square
arrangement), and 3D-HEX (0.5 µm diameter, 1.5 µm pitch, hexagonal arrangement), Fig. 4.4A.
So in L-Edit design, I drew 4 patterned areas, each with dimension of 9 mm × 9 mm. If zoomed
out, the four areas are arranged with a 2 × 2 format with pitch to be 14 mm, Fig. 4.4B. This is
the arrangement going to be shown on the chrome mask. This design was converted to .tdb format
for Heidelberg Mask Writer. I call this four patterned areas as a pattern unit, the arrangement
of pattern units on a 4-inch wafer is shown in Fig. 4.4C. The table basic shows the coordinates of
bottom left corner for each pattern unit. The rule for pattern units spacing is to make sure that
after pattern transfer from wafer to nickel, there is enough space between pattern unit edge to
nickel shim edge so in the process of injection molding, patterned area is compact enough to locate
in the center of each plastic mold.
Heidelberg Mask Writer is a highly automatic tool, once finishing the design and the loading
of the design file, it will take about 30 minutes to finish the mask writing for a 6025 chrome mask,
Fig. 4.5A. Since the DUV stepper has a reduction ratio 4:1, so the patterns on mask is enlarged
by 4 times, which means each patterned area is 36 mm × 36 mm, and the pitch is 56 mm. Before
exposure, we need to prepare the silicon wafer and coat the surface with anti-reflecting coating
(ARC) and photo resist. The coating of these two layers was conducted using Gamma Automatic
Develop Tool, and the ARC layer is around 63 nm and resist is UV210-6 with a thickness of 600
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Figure 4.5: Pattern transfer from mask to silicon wafer. A. The mask for fabrication is 6025 chrome
mask, and the mask dimension is 191 mm × 179 mm × 22 mm. Since the DUV stepper has a 4:1
reduction of the patterns, thus the size of patterns on mask is enlarged by 4 times; B. The silicon
wafer after DUV stepper photolithography, which has the patterns as designed in Fig. 4.4. Final
Silicon wafers were etched after this step with Unaxis 770 Deep Si Etcher. By changing etching
dose, 4 different heights (0.8 µm, 1.3 µm, 1.8 µm and 2.3 µm) of silicon molds were fabricated.
nm. The resist thickness has to be thick enough to protect the silicon surface beneath it since
in the etching step, resist will also be etched slowly. Once the resist coated wafer and mask are
ready, we can begin the exposure step using ASML DUV Stepper. This projection printer uses
a DUV (248 nm) lens column (0.63 N.A.) to provide a 4:1 reduction with a variable field size up
to 21 mm square. Minimum feature size is <0.20 µm. The number and placement of the dies is
programmable. Wafer size of 3 inches up to 200 mm can be accommodated, as well as smaller
pieces.
This is also an automatic tool to exposure the pattern units one by one with high accuracy.
Two parameters need to be given a lot of attentions: exposure dose and exposing focus. The dose
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determines the diameter of the exposed holes while focus determines the depth of exposure. So
there has to be several cycles of test runs in this step.
The etching step is the most critically procedure to determine the quality of patterns after
developing the exposed resist with the Gamma tool. A single chamber (licensed Bosch fluorine
process) inductively coupled plasma / reactive ion etcher, the Unaxis SLR 770 etcher is used to
etch deep patterns in single crystal silicon substrates. The resulting features are used for MEMS
and biological applications. Etch rates of up to 2 microns per minute and aspect ratios of 20:1
can be obtained using photoresist or silicon dioxide as a masking medium. The actual etching rate
has to be tested before fabricating the final product. The tested etching rate for my project was
110 nm/minute. In this step, the resist coating thickness becomes important to protect the silicon
wafer if a deep etching has to be conducted such as 2.3 µm. Multiple wafers were performed 7.3,
12.8, 16.4, and 20.9 minutes of etching to have the 4 different heights as I designed originally. After
etching, the leaving resist and ARC layer were stripped off using Aura 1000 Resist Strip. Then we
can have the final silicon wafers with designed pattern units on it. Fig. 4.5B.
The nickel electroplating was outsourced to Temicon, a German company who has a track record
of electroplating nickel on nanoscale patterns. As mentioned earlier, the electroplating was carried
out with a LIGA process, however, the restriction of this electroplating process is the pattern aspect
ratio cannot be bigger than 3:1, otherwise the filling of nickel will be non-uniform resulting in an
insufficient copy of the patterns. Four silicon wafers with different pattern heights were cut to
square shape to fit in a single nickel plate, thus we can have four different heights from one batch of
electroplating, Fig. 4.6A. The size of nickel shim for injection molding has to be 25 mm × 25 mm,
so I cut this nickel plates into small pieces to have two nickel shims with four different pattern areas
that can fit into the injection molder, Fig. 4.6B. The production of plastic molds was performed
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Figure 4.6: Pattern transfer from silicone wafer to nickel plate. A. Four silicon wafer with different
pillar heights were used for the pattern transfer to a single 16-inch nickel plate. The wafers were first
diced to square shape and aligned with a 2 × 2 pattern on a surface for nickel LIGA electroplating
process. The thickness of nickel is 300 mm. B. The nickel plate was cut to obtain small square
nickel shims for injection molding. This nickel plate yielded two nickel shims for each pillar height.
through injection molding. The injection molder is compatible with multiple thermoplastics such as
polypropylene (PP), polystyrene (PS), polycarbonate (PC). There are several parameters directly
determines the product quality such as polyer shoot pressure, pressure holding time, injection speed,
polymer melting temperature, tool temperature, cooling time, and shot volume. Shoot pressure
and pressure holding time are critical for polymer filling into the patterns. Injection speed, tool
temperature and cooling time are critical for polymer filling in a more micro-perspective. Polymer
melting temperature is responsible for the viscosity and flowing profile in the machine. Based
on several rounds of tests, the production parameters were determined for the three polymers,
Table 4.1.
Fig. 4.7 shows the final product of nanopatterned mold which is made of PC. PC gave the best
material clarity and profile of the patterns. Here, the final product has dimension of 25 mm × 25
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 Polypropylene Polystyrene Polycarbonate 
Shoot pressure (bar) 1000 1000 1000 
Pressure holding time (s) 10 10 7 
Injection speed (cm3/s) 30 35 50 
Melting temperature (°C) 230 260 280 
Tool temperature (°C) 45 50 80 
Cooling time (s) 25 25 10 
Shot volume (cm3) 4 4 4 
 
Table 4.1: Production parameters of injection molding.
mm × 1 mm. We need to prebake the molds before casting PDMS on them, since PC will trap
humidity which will prevent the PDMS filling in the nanopatterns. So the recipe of making PDMS
pillars on the plastic mold is: prebake the molds at 80 ◦C for overnight; prepare the PDMS at
mixing ratio of 10:1 with outgasing; cool down the molds to room temperature after prebaking
and then immediately cast PDMS on the patterned area; another outgassing step for 15 minutes to
make sure the PDMS will fully fill in the patterns and outgas the leaving air in the PDMS; spinning
the PDMS at 2800 rpm and 2000 acl for 9 seconds to make the PDMS thin enough for imaging;
cure PDMS at 60 ◦C for overnight; after curing, we can peel off PDMS without collapsing pillars.
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Figure 4.7: Final product of thermoplastic nanostrtuctured molds. Nickel shim was placed in the
tool area of the injection molder and we can produce thermoplastic nanostructured molds in large
scale by controlling some key parameters of the injection molder, such as plastic shooting speed,
holding pressure, holding time, cooling time, shoot volume, plastic melting temperature, and tool
area temperature. The final product has a dimension of 25 mm × 25 mm × 1mm. Four patterned
areas were in the center of the mold.
4.4 Characterization of the fabrication process and PDMS sub-
strate
In this section, I will talk about the transfer of nanostructures from silicon mold to nickel shim and
eventually to thermoplastics. And then characterize the final PDMS replica using these thermo-
plastic mold.
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4.4.1 Pattern transfer from silicon to nickel
Original pure silicon molds were fabricated at Cornell NanoScale Science and Technology Facilities
(CNF). The nanostructures are for pillar substrate with pillar diameter to be 500 nm and pillar
heights varies from 800 nm to 2300 nm, Fig. 4.8A. Nickel dye were fabricated by a LIGA like
process. LIGA is a German acronym for Lithographie, Galvanoformung, Abformung (Lithography,
Electroplating, and Molding) wherein the sample is produced by galvanic electroplating of nickel
over a pre-existing structure defined by another process such as EBL. This process was outsourced
to Temicon. The nanopatterns on nickel shim are negative copy of the ones on silicon mold,
Fig. 4.8B.
Fig. 4.8A shows that the base of the pillar substrate (the surface level of silicon wafer) was
wider than 500 nm diameter. This is because that the Unaxis 770 dry etcher will etch silicon in
an isotropic mannaer, so as the pillar height as taller, the base will exposed with more etching
molecules which make the diameter bigger. Since we eventually will culture the cells on the PDMS
replica of this profile, firstly an angle from pillar to base will help demolding of the PDMS, secondly
the dimension of pillar top is critical for mechanosensing study quantatively and we need to make
sure they are consistently to be 500 nm. The etched height is 1.313 µm. The nickel replica of short
pillars holes from Fig. 4.8A shows a perfect negative copy without any defects. The height of nickel
pillar is 1.26 µm. The SEM of plastic mold cross section is shown on Fig. 4.8C & D. We can find
out the pillar height becomes 1.15 µm. The shrinking of pillar height from silicon to nickel can be
attributed to a systematic error, and the relative big decrease from nickel to plastic resulted from
the injection molding process. After shooting and cooling of polymer to the patterned area, plastic
molds has to be ejected while the polymer not fully plasticized, otherwise the nickel pillar will be
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Figure 4.8: SEM images of silicon mold and nickel copy. A. SEM image of 500 nm diameter and
800 nm deep holes; B SEM image of 500 nm diameter and 1800 nm deep holes; C. SEM image of
500 nm diameter and 800 nm tall pillars on nickel; D. SEM image of 500 nm diameter and 1800
nm tall pillars on nickel.
under high risk of damaging. So the pressure change for each pillar area during ejection is sucking
soft plastic out to shrink the pillar size.
Also from Fig. 4.8B, we can see some pillar top has indented defects. And this defect is
getting worse for 1.8 µm pillars. This is because the LIGA process has a strong requirement to
the nanostructure aspect ratio, especially when it is inverted pattern (like holes) on silicon wafer.
A high aspect ratio of inverted pattern will result in non-uniform electroplating of nickel at the
bottom of these holes (top of pillar pattern). Thats why we have indented holes for high aspect
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ratio pillars.
4.4.2 Mold quality characterization
Once we have the nickel shim for injection molding, we can start producing thermoplastic molds.
Thermoplastics are a class of polymer that are characterized by their reversible temperature depen-
dent physical characteristics; they may be melted and frozen repeatedly without chemical alteration
of their constituent molecular chains. This behavior is in contrast to thermosetting plastics and
other curable materials which form cross links between their molecular chains when energy is applied
by, for example, heat or UV radiation. Thermoplastics can be classified as amorphous (random
molecular structure) or semi-crystaline (molecules are ordered in a crystalline manner) polymers,
or thermoplastic elastomers.
A B C
Figure 4.9: SEM of different thermoplastic mold. A. SEM of nanostructured pattern on molds
made by polypropylene (PP); B. SEM of nanostructured pattern on molds made by polystyrene
(PS); C. SEM of nanostructured pattern on molds made by polycarbonate (PC).
Above its glass transition temperature (Tg) an amorphous thermoplastic will move from its solid
state to a more malleable one, increasing in malleability until it reaches its melting temperature
(Tm) when it behaves as a liquid. This easily controlled phase change and the fact that they
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retain their original characteristics upon refreezing have seen thermoplastic polymers be used in
the manufacture of countless products and devices where they are formed into a functional shape
by a mold based process such as thermoforming or injection molding.
In this project a number of thermoplastic polymers were used in processes to replicate micro-
and nanostructures by injection moulding. These were: polycarbonate (PC), polypropylene (PP)
and polystyrene (PS).
The SEM image of polypropylene (Fig. 4.9A) showed that the holes lies in the concaved grooves
on the surface. Which means the polymer was not fully shoot to the surface for a 100% pattern
copy; polymer was plasticized in the process of entering to the gap between nanostructured patterns.
There are two major reasons for this effect: first, the shooting speed or pressure is too low resulting
a slow moving melted plastic in the tool area; second, the tool area temperature is too low, which
causes early plasticizing of polypropylene. Most importantly, the super hydrophobic surface make
it impossible to make PDMS replica from PP molds. The SEM image of polystyrene (Fig. 4.9B)
shows many scratches on PS and the scratch starts from the edge of holes. So I speculate that these
scratches come from the scratching between nickel pillar and polystyrene. Comparing to the other
two materials, polystyrene sticks stronger to the nickel shim, which causes of non-fully separation
during extraction. This is bad sign for the life span of the nickel shim, which suppose to be
capable of producing 10,000 pieces of products. Since, the scratch between nickel and polystyrene
will drastically shorten the life span of the nickel dye. Comparing with the first two materials,
polycarbonate seems producing the best quality of molds.
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Figure 4.10: PDMS pillar profile characterization. A. PC molds with non-fully copied structures;
B. PC molds with fully copied structures; C. PDMS pillar made from A; D. PDMS pillar made
from B.
4.4.3 PDMS pillar characterization
The PC molds has similar problem as the PP molds have at the begging of the project due to a
low tool temperature and low shooting speed and holding pressure, resulting in non-fully patterned
plastic molds, Fig. 4.10A. By optimizing these parameters, I produced PC molds with flat surface
except the hole area, Fig. 4.10B. The PDMS pillar replica of Fig. 4.10A gives pillars with elongated
and inconsistent “shoulders”, Fig. 4.10C. But the PDMS pillar replica of Fig. 4.10B does not have
that defects, Fig. 4.10D.
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Fig. 4.10D showed that the final PDMS surface roughness is fairly high. There are two major
reasons contribute to this high surface roughness: 1. The pattern transfer from silicon mold to
nickel process causes roughness increasement, especially the electroplating was performed on the
PDMS copy from silicon mold (to protect silicon mold due to failed electroplating). It has been
confirmed by Temicon that the nickel electroplating on PDMS will make the nickel copy much
rougher than the original silicon mold based on experience; 2. The injection molding of polymer
to nickel dye was far from perfect, and the air between nickel shim and melted polymer does not
have the chance to fully evacuated before polymer plasticization.
For reason 1, the method to improve is to prepare multiple silicon molds for nickel electroplating
so there are dummy wafers for electroplating parameter characterization. And for the final elec-
troplating, we can directly electroplate nickel on silicon wafer and use KOH to dissolve silicon to
have a nickel shim with low surface roughness, which will be comparable to the roughness of silicon
wafer ( 2 nm). However, this will lead to high expense. For reason 2, in the injection molding
process, high tool temperature with long pressure holding time and cooling time will be necessary
to decrease the roughness for PDMS replica. But this will increase the production time by over
100%.
4.5 Conclusion
In conclusion, the implementation of technologies for mass production of nanostructured molds can
drastically decrease the expense and time for mechanobiology research using pillar platform. And
the application potential of this thermoplastic mold can be expanded to areas such as MEMS/NEMS,
tissue engineering and drug delivery. The synergy of different types of technology (semiconductor
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fabrication, electroplating, and injection molding) in this project shows another aspect of how en-
gineering can be applied to science disciplines. Considering the design and characterization of this
project, there are still a lot can be explored and improved, especially in the efficiency and quality
of the final product (PDMS pillar) profile. More importantly, how to make this technology more
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